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ABSTRACT
The c h a r a c t e r i s t i c s  o f  a p o s s ib le  d i s l o c a t i o n  e t c h  f o r  
cadm ium  h a ve  b e e n  s t u d ie d  i n  d e t a i l  and th e  f a c t o r s  a f f e c t ­
in g  th e  a c t io n  o f  th e  s o lu t io n  h a ve  b e e n  i s o l a t e d -  T h e y  
a r e  t h e  o r i e n t a t i o n  o f  th e  c r y s t a l  s u r f a c e  and th e  c o m p o s i­
t i o n  o f  th e  e tc h o  I t  has  b e en  shown t h a t  f o r  r e p r o d u c ib le  
e t c h in g  th e  c r y s t a l  s u r f a c e  m ust be p a r a l l e l  to  a  lo w  in d e x  
c r y s t a l l o g r a p h i c  p la n e  t o  w i t h i n  i  1 °  and th e  n e c e s s a ry  
te c h n iq u e s  f o r  p r e p a r in g  s q u a re  c r o s s - s e c t io n  c r y s t a l s  w i t h  
su ch  s u r f a c e s  h a v e  b e e n  d e v e lo p e d -  The i o n i c  c o m p o s it io n s  
o f  th e  e t c h  and t h e  c h e m ic a l p o l i s h  e m p lo y e d , b o th  s o lu t io n s  
o f  n i t r i c  a c id  i n  e t h a n o l ,  h a v e  b e en  e lu c id a t e d  b y  c h e m ic a l  
and s p e c t r o s c o p ic  m eth o d s  and  an  a t te m p t  has  b e e n  made t o  
i d e n t i f y  th e  fu n d a m e n ta l m ech an ism  o f  d i s l o c a t i o n  e t c h in g  
i n  th e  c a d m iu m -e tc h  system ®
The e tc h  has  b e e n  u s e d  to  s tu d y  th e  d i s l o c a t i o n s  i n ­
j e c t e d  i n t o  cadm ium  s in g le  c r y s t a l s  s e c t io n e d  b y  s p a r k  
e r o s io n  m a c h in in g -  The e x p e r im e n ta l  m eth o d  u s ed  has n o v e l  
f e a t u r e s  and i t  has b e e n  s h o rn  t h a t  th e  n a t u r e  and d e p th  o f  
th e  damage in t r o d u c e d  b y  t h i s  c u t t i n g  te c h n iq u e  d ep en d  on  
th e  s p a r k  e n e rg y  e m p lo y e d  and t h e  d ia m e te r  o f  t h e  c u t t i n g  
w ir e  used® T h is  i n v e s t i g a t i o n  has  e n a b le d  t h i n  f o i l s  f r e e  
fro m  s e c t io n in g  dam age t o  be p r e p a r e d  fro m  b u lk  c r y s t a l s  
and a lt h o u g h  la c k  o f  t im e  has  p r e v e n te d  a t r a n s m is s io n  
e l e c t r o n  m ic ro s c o p y  s tu d y  o f  d e fo rm e d  c r y s t a l s  r e a c h in g
( i i )
f r u i t i o n ?  some o b s e r v a t io n s  made on f o i l s  p re p a re d  fro m  
u n d e fo rm e d  c r y s t a l s  a re  re c o rd e d  i n  an append ix®
The e tc h  has r e v e a le d  t h a t  i n  c r y s t a ls  d e fo rm e d  i n  
t e n s io n  th e  d i s lo c a t io n  d e n s i t y  in c re a s e s  l i n e a r l y  w i t h  
s h e a r  s t r a i n ,  a r e s u l t  a t  v a r ia n c e  w i t h  th e  o n ly  p r e v io u s  
r e p o r t  on t h i s  a s p e c t o f  cadm ium ’ s b e h a v io u j? . T h is  r e p o r t  
i s  c r i t i c a l l y  a p p ra is e d  i n  an append ix®
An a t te m p t  has been  made t o  c o r r e la t e  th e  changes i n  
th e  d i s lo c a t io n  d e n s i t y  o f  d e fo rm e d  and s u b s e q u e n t ly  a n n e a l­
ed c r y s t a ls  w i t h  t h e i r  a t te n d a n t  changes i n  r e s id u a l  r e s i s ­
t i v i t y ,  d i s lo c a t io n  d e n s i t y  b e in g  e s t im a te d  b y  th e  e tc h  p i t  
te c h n iq u e  and r e s id u a l  r e s i s t i v i t y  b y  an a.c® m u tu a l in d u c ­
ta n c e  method® An a p p e n d ix  p re s e n ts  a t h e o r e t i c a l  a n a ly s is  
sh o w in g  how th e  co m p le x  com ponen ts  o f  th e  p e r m e a b i l i t y  o f  a 
r e c ta n g u la r  s e c t io n  sp e c im e n  p la c e d  i n  th e  a * c .  a p p a ra tu s  
may be computed®
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1D e s p ite  th e  w e a l th  o f  p u b l is h e d  l i t e r a t u r e  on th e  d e ­
fo r m a t io n  o f  f a c e  c e n t re d  c u b ic  and b o d y  c e n t re d  c u b ic  
m e ta ls ,  r e p o r te d  d e fo r m a t io n  s tu d ie s  o f  h e x a g o n a l c lo s e  
p a c k e d  m e ta ls  a re  s t i l l  c o m p a r a t iv e ly  r a r e .  So a re  s tu d ie s  
o f  lo w  m e l t in g  p o in t  m e ta ls ,  f o r  th e  m ost c o m p re h e n s iv e ly  
do cum e n ted  m e ta ls ,  f o r  exam p le  a lu m in iu m , s i l v e r ,  c o p p e r 
and i r o n ,  have  h ig h  m e l t in g  p o in t s ,  a f a c t o r  w h ic h  e n a b le s  
d e fo rm a t io n  in v e s t ig a t io n s  t o  be p u rs u e d  on th e s e  m a t e r ia ls  
a t  room  te m p e ra tu re  w i t h  th e  kn o w le d g e  t h a t  th e  r e c o v e ry  
o f  th e  d e fo rm e d  m a t e r ia l  i s  n o t  an im p o r ta n t  e x p e r im e n ta l 
c o n s id e ra t io n ®  I f  th e s e  tw o  c o m p a r a t iv e ly  n e g le c te d  f i e l d s  
a re  b ro u g h t  t o g e t h e r ,  i t  i s  c le a r  t h a t  a s tu d y  o f  a h e x a g o n ­
a l  m e ta l o f  lo w  m e l t in g  p o in t  w o u ld  be o f  i n t e r e s t .  T a b le
1 .1  l i s t s  th e  m ore common h e x a g o n a l m e ta ls  w i t h  t h e i r  l a t ­
t i c e  p a ra m e te rs  and m e l t in g  p o in t s .  From  t h i s  i t  can be 
seen t h a t  n o t  o n ly  has cadm ium  th e  lo w e s t  m e l t in g  p o in t  b u t  
o f  th e  tw o  known p u re  m e ta ls ,  cadmium and z in c ,  w i th  a c / a  
r a t i o  g r e a te r  th a n  1 .6 3 3 ,  t h a t  o f  th e  id e a l  c l o s e  p a c k e d  
s t r u c t u r e ,  cadm ium  has th e  la r g e r  v a lu e  o f  t h i s  a x i a l  r a t i o .  
These c o n s id e r a t io n s ,  t o g e th e r  w i t h  th e  a v a i l a b i l i t y  o f  a 
d i s lo c a t io n  e tc h  p i t  te c h n iq u e  w h ic h  had been d e v e lo p e d  b u t  
n o t  f u l l y  e v a lu a te d ,  le d  t o  th e  s e le c t io n  o f  cadm ium  as th e  
s u b je c t  m a t e r ia l  f o r  t h i s  t h e s is .
C H A P T E R  1
I N T R O D U C T I O N
~  2  -
I n  th e  f o l l o w in g  s e c t io n s  a b r i e f  a c c o u n t i s  g iv e n  o f  
th e  d e fo rm a t io n  modes o f  h e x a g o n a l c lo s e  p a c k e d , h . c . p ® ,  
m e ta ls  and th e  c o n te n ts  o f  some o f  th e  p u b l is h e d  p a p e rs  
r e p o r t in g  th e  o b s e r v a t io n  o f  d i s lo c a t io n s  and d i s lo c a t io n  
a r r a y s  i n  m agnesium  and z in c ,  th e  n e x t  lo w e s t  m e l t in g  p o in t  
h e x a g o n a l m e ta ls  t o  cadm ium , and cadm ium  i t s e l f  a re  summar­
i zed® As th e y  have u se d  th e  d i s lo c a t io n  e t c h  p i t  te c h n iq u e  
o r  t r a n s m is s io n  e le c t r o n  m ic ro s c o p y ,  th e s e  r e p o r t s  a re  
r e le v a n t  t o  th e  w o rk  p re s e n te d  i n  t h i s  t h e s is  and s e rv e  t o  
c a s t  some p e r s p e c t iv e  on i t  and th e  d i f f i c u l t i e s  e x p e r ie n c e d  
w i t h  cadm ium * They a re  f o l lo w e d  b y  an o u t l i n e  o f  th e  w o rk  
i t  was p ro p o s e d  t h i s  t h e s is  s h o u ld  encompass®
1 .1  The D e fo rm a t io n  Modes o f  H . C . P .  M e ta ls
The l a t e s t  r e v ie w s  o f  th e  d e fo rm a t io n  modes o f  h e xa g o n ­
a l  c l o s e  p a c k e d  m e ta ls  have  be en  g iv e n  b y  B ocek ( 1 ) ,  N a b a rro
( 2 ) ,  C h r is t ia n  ( 3 ) 5  D o rn  and M i t c h e l l  ( 4 ) ,  and v e r y  r e c e n t l y  
b y  P a r t r id g e  ( 5 ) *
H e x a g o n a l m e ta ls  may d e fo rm  b y  s l i p  On s i x  a v a i la b le  
ty p e s  o f  s l i p  system® These a re  l i s t e d  i n  T a b le  1 .2  and 
i l l u s t r a t e d  i n  F igs®  1 *1  t o  1*6® T h e re  i s  no e x p e r im e n ta l 
e v id e n c e  f o r  b u lk  s l i p  I n  th e  [oO O l] d i r e c t i o n  b u t  s l i p  i n  
<1120> d i r e c t io n s  o c c u rs  i n  a l l  th e  h e x a g o n a l m e ta ls  and 
b a s a l s l i p  p re d o m in a te s  i n  b u lk  m agnesium , z in c  and cadm ium * 
I n  m agnesium  s in g le  c r y s t a l s  a t  room  te m p e ra tu re  i t  i s  e x ­
t r e m e ly  d i f f i c u l t  t o  o p e ra te  p r i s m a t ic  s l i p  ( 6 , 7 )  and t h e
{ l l2 2 } < 1 1 2 3 >  s ys te m  c o u ld  n o t  be d e te c te d  i n  i d e a l l y  o r ie n ­
t e d  c r y s t a ls  ( 8 ) *  Z in c  c r y s t a l s  a t  e le v a te d  te m p e ra tu re s  
have been o b s e rv e d  t o  e x h ib i t  p r i s m a t ic  s l i p  ( 9 )  and a t  room  
te m p e ra tu re  s l i p  on th e  { l l 2 2 } < 1 1 2 3 > s ys te m  ( 1 0 ) ,  w h i l s t  i n  
cadm ium  c r y s t a l s  p r i s m a t ic  s l i p  has a ls o  been p ro m o te d  a t  
e le v a te d  te m p e ra tu re s  (1 1 )  b u t  second  o r d e r  p y ra m id a l s l i p  
o b s e rv e d  a t  lo w  te m p e ra tu re s  ( 1 2 ) *
K in k  b o u n d a ry  f o r m a t io n  i s  an im p o r ta n t  d e fo rm a t io n  
mode i n  h e x a g o n a l m e ta ls  (1 3 )  and has been  r e p o r te d  i n  
m agnesium  ( 1 4 , 1 5 ) ,  z in c  ( 1 6 ,1 7 )  and cadm ium  ( 1 7 ,1 8 ,1 9 ) ,  th e  
l a t t e r  r e p o r t  g i v in g  th e  m os t r e c e n t  d is c u s s io n  o f  k in k  
f o r m a t io n ,  g ro w th  and s t a b i l i t y *
H e x a g o n a l m e ta ls  may a ls o  d e fo rm  b y  tw in n in g  w h ic h  
o c c u rs  on \1 0 X 2 } p la n e s  i n  a l l  h « c #p .  m e ta ls  and th o u g h  
th e r e  i s  much e x p e r im e n ta l  e v id e n c e  o f  tw in n in g  on a v a r i e t y  
o f  o th e r  p la n e s ,  th e  m echan ism  o f  n u c le a t io n  and g ro w th  o f  
tw in s  i n  h e x a g o n a l m e ta ls  re m a in s  o b s c u re  (20)®
E x p e r im e n ta l i n v e s t ig a t io n s  have  e s ta b l is h e d  t h a t  ea sy  
g l id e  o c c u rs  i n  b o th  th e  f i r s t  s ta g e  o f  th e  d e fo r m a t io n  o f  
foCoCo m e ta ls  and i n  h 0c « p ,  m e ta ls ,  when i t  i s  due m ost 
com m only t o  g l id e  on th e  b a s a l s l i p  s y s te m , E ig „  1 .1 ,  and 
and e x te n d s  t o  much la r g e r  s t r a in s *  A g r e a t  d e a l o f  w o rk  
has been done on s l i p  i n  f . c « c ,  m e ta ls  and o f  t h i s  i t  m ig h t  
be e x p e c te d  t h a t  some p a r t  be r e le v a n t  t o  th e  d e fo rm a t io n
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o f  h . c . p ®  m e ta ls ,  p a r t i c u l a r l y  t h a t  w h ic h  d e a ls  w i t h  e a r ly  
s ta g e  I  when o n ly  one s l i p  sys te m  and d ip o le  fo r m a t io n  a re  
im p o r ta n t®  I n  th e  l a t e r  p a r t  o f  s ta g e  I  and i n  s ta g e  I I  
o f  th e  d e fo r m a t io n  o f  f * c * c *  m e ta ls ,  when s e c o n d a ry  g l id e  
sys te m s  o r  f o r e s t  d i s lo c a t io n s  become im p o r ta n t ,  a n a lo g ie s  
a re  n o t  l i k e l y  t o  be h e l p f u l ,  s in c e  a t  a c o r re s p o n d in g  
s t r a i n  h® c0p® m e ta ls  a re  s t i l l  d e fo rm in g  b y  s l i p  on th e  
p r im a r y  s l i p  s y s te m , as t h i s  i s  u s u a l ly  s t i l l  th e  o n ly  c lo s e  
p a c k e d  p la n e  w h ic h  i s  f a v o u r a b ly  d is p o s e d  f o r  c o n t in u e d  
s l ip ®  C o n s e q u e n t ly ,  i f  an h®c*p® m e ta l d e fo rm s  o n ly  b y  
b a s a l s l i p ,  w o rk -h a rd e n in g  m u s t be due t o  i n t e r a c t io n s  b e ­
tw e e n  d is lo c a t io n s  on th e  same, b a s a l ,  s l i p  p la n e  o r  on 
a d ja c e n t  s l i p  p la n e s  and may in v o lv e  th e  f o r m a t io n  o f  d i s ­
lo c a t io n  b r a id s  and d ip o le s ®
1 .2  E tc h  P i t s  a t  D e c o ra te d  D is lo c a t io n s .
No d i s lo c a t io n  e tc h e s  a re  known f o r  m agnesium .
G ilm a n  (2 1 )  gave th e  f i r s t  r e p o r t  o f  a d i s lo c a t io n  e tc h  
f o r  z in c *  F o l lo w in g  h is  f a i l u r e  t o  p ro d u c e  e tc h  p i t s  on 
h i g h - p u r i t y  z in c  c r y s t a l s ,  G ilm a n  fo u n d  i t  p o s s ib le  t o  e tc h  
d i s lo c a t io n  s i t e s  i n  p u re  z in c  c r y s t a ls  doped w i t h  0®1 A t 
%  C d, p r o v id e d  th e y  w ere  a ls o  h e a t t r e a t e d  and s u b s e q u e n t ly  
aged p r o p e r ly .  W ith  th e s e  e tc h  p i t s  he in v e s t ig a t e d  p o ly -  
g o n iz a t io n ,  g l id e  ba nd s and k i t f k  p la n e s  on c r y s t a l s  d e fo rm e d  
im m e d ia te ly  a f t e r  th e  h e a t  t r e a tm e n t  and p r i o r  t o  a g in g .  
S in c e  d e c o ra te d  d i s lo c a t io n s  w ere b e in g  u s e d ,  G ilm a n 's
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o b s e r v a t io n s  w ere  q u a l i t a t i v e  o n ly .  D am iano and T in t  (2 2 )  
u se d  t h i s  G ilm a n  e t c h  t o  r e v e a l  th e  changes i n  th e  a r ra n g e ­
m ent o f  d e c o ra te d  d i s lo c a t io n s  w h ic h  o c c u r re d  b e h in d  th e  
s o l i d - l i q u i d  i n t e r f a c e  d u r in g  th e  s o l i d i f i c a t i o n  o f  a c a d ­
m ium doped z in c  c r y s t a l  f ro m  th e  m e l t .  A g a in  th e s e  r e s u l t s  
w ere  q u a l i t a t i v e  on ly®
U s in g  an e l e c t r o l y t i c  e tc h  and th e  e tc h in g  p ro d u c e d  
b y  io n  b o m ba rdm e n t, T y a p u n in a  e t  a l .  ( 2 3 )  have  s tu d ie d  th e  
dependence  on th e  z in c  c o n c e n t r a t io n  o f  th e  s iz e  and shape 
o f  th e  e t c h in g  f ig u r e s  p ro d u c e d  i n  z in c  doped cadm ium c r y s ­
t a l s ®  S u b s e q u e n t ly  T y a p u n in a  e t  al® (2 4 )  p re s e n te d  an 
a n a ly s is  o f  th e  c o n d i t io n s  n e c e s s a ry  f o r  th e  a n c h o r in g  o f  
d i s lo c a t io n s  i n  h e x a g o n a l m e ta ls  and f o r  th e  m u l t i p l i c a t i o n  
o f  d is lo c a t io n s  b y  means o f  th e  F ra n k -R e a d  m echan ism .
T he y  th e n  c o n f irm e d  th e  e x is te n c e  o f  t h e i r  p ro p o s e d  m ethods 
o f  a n c h o r in g  and b y  e tc h in g  z in c  d e c o ra te d  d i s l o c a t i o n  s i t e s  
on th e  b a s a l p la n e  o f  cadm ium , th e y  d e m o n s tra te d  t h a t  th e  
F ra n k -R e a d  m echan ism  i s  r e a l i z e d  i n  cadm ium  c r y s t a l s  i n  
b a s a l s l ip ®
1®2*1 E tc h  F i t s  a t  U n d e c o ra te d  D is lo c a t io n s
Rosenbaum ( 2 5 )  s u b s e q u e n t ly  in t r o d u c e d  a d i s lo c a t io n  
e tc h  f o r  th e  (0 0 0 1 ) p la n e  o f  h i g h - p u r i t y  z in c  and w i t h  i t  
in v e s t ig a t e d  n o n -b a s a l s l i p  and t w in  a cco m m o d a tio n  i n  s in g le  
c r y s t a l s  d e fo rm e d  b y  b e n d in g  and in d e n t a t io n .  An a l t e r ­
n a t iv e  d i s lo c a t io n  e tc h  f o r  th e  b a s a l p la n e  o f  h i g h - p u r i t y
z in c  has been  r e p o r te d  b y  S harp  ( 2 6 ) .  N e i t h e r  o f  t h e s e  
e t c h e s  r e q u i r e d  th e  d i s lo c a t io n s  t o  be d e c o ra te d #
S in h a  and B eck ( 2 7 )  d e v e lo p e d  a d i s lo c a t io n  e tc h  f o r  
th e  (1 0 1 0 ) p la n e  o f  z in c  w h ic h  r e v e a le d  edge d is lo c a t io n s  
w i t h o u t  th e  n e c e s s i t y  o f  d e c o ra t io n #  By e tc h in g  th e  (1 0 1 0 ) 
f a c e s  o f  b e n t  c r y s t a l s  th e y  w ere  a b le  t o  o b ta in  q u a n t i t a t i v e  
e s t im a te s  o f  d i s lo c a t io n  d e n s i t ie s  and showed t h a t  lo w -a n g le  
b o u n d a r ie s  w ere  fo rm e d  d u r in g  th e  p l a s t i c  d e fo r m a t io n  b y  an 
a th e rm a l m e c h a n ic a l p o ly g o n iz a t io n  m echan ism * B ra n d t e t  
a l *  (2 8 )  u s e d  t h i s  e t c h  b u t  fo u n d  t h a t  i t  w o u ld  n o t  p ro d u c e  
d i s lo c a t io n  e tc h  p i t s  on th e  (1 0 1 0 ) f a c e s  o f  t h e i r  h ig h o r -  
p u r i t y  c r y s t a ls *  T hey a t t r i b u t e d  t h i s  d i f f e r e n c e  i n  e tc h ­
in g  b e h a v io u r  t o  d i f f e r e n c e s  i n  c r y s t a l  im p u r i t i e s  o r  th e  
c o m p o s it io n  o f  c h e m ic a l re a g e n ts  u s e d .  They th e n  d e v e lo p e d  
an e t c h  f o r  th e  (1 0 1 0 ) f a c e s  o f  t h e i r  c r y s t a l s  and t h i s  p r o ­
d u ce d  e tc h in g  p ip s  w i t h o u t  th e  n e c e s s i t y  o f  an a g in g  t r e a t ­
m en t* B ra n d t e t  a l *  ( 2 9 )  s u b s e q u e n t ly  r e p o r te d  e x p e r im e n ts  
w h ic h  s u p p o r te d  th e  c o n c lu s io n  t h a t  th e r e  e x is te d  a one t o  
one c o rre s p o n d e n c e  b e tw e e n  th e s e  p ip s  and d is lo c a t io n s *
W e rn ic k  and Thomas ( 3 0 )  w ere  th e  f i r s t  t o  r e p o r t  a 
d i s l o c a t i o n  e tc h  f o r  h i g h - p u r i t y  cadmium* T h is  d e v e lo p e d  
e t c h  p i t s  on th e  (1 0 1 0 )  p la n e  b u t  n o t  on th e  (0 0 0 1 ) o r  
(1 1 2 0 )  p la n e s *  A t te m p t in g  t o  in v e s t ig a t e  th e  s t r u c t u r e  
o f  t e n s i l e  k in k s  i n  s q u a re  s e c t io n  cadm ium  c r y s t a l s ,  B la s d a le  
(1 7 )  fo u n d  t h a t ,  a l th o u g h  t h i s  e tc h  p ro d u c e d  many e t c h  p i t s
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and showed some dislocation walls, the structure of the 
kinks was not shown clearly® Blasdale et al, (19) found 
that kink structure was revealed in finer detail by an etch 
comprising a 1% solution of nitric acid in ethanol, 1% 
nitalo This was later established as a dislocation etch 
which revealed on the (10T0) plane of cadmium the micro­
structure of tensile kinks, Blasdale et al. (19)? and arrays 
of dislocation dipoles, Blasdale (31).
Tyapunina and Zinenkova (32) have developed several 
etches for revealing undecorated dislocations on the basal 
plane of high«purity cadmium® Each comprised an ethyl 
alcohol neutral base with various acids, in concentrations 
up to 1% by volume, as the active etching additions.
These were used to study the dislocations formed during the 
growth process and the deformation on the first and second 
order pyramidal planes of cadmium platelets.
Using an etch which was claimed to reveal both primary 
edge and screw dislocations, Kratochvil and Homola (33) 
have deformed square section cadmium crystals in tension 
and have examined the density and arrangement of the dis­
locations produced by the deformation. They presented 
dislocation density versus shear strain curves which showed 
that the density of screw dislocations increased rapidly 
during the deformation whilst the density of edge disloc­
ations remained sensibly constant®
8^ ° 5 Transmission Electron Microscopy - Magnesium
Sharp and Christian (34) have investigated the work- 
hardening of deformed magnesium single crystals over the 
temperature range 77°K to 413°K* Below 200°K they found 
the behaviour of the deformation approximated to a single 
Cottrell-Stokes law over the whole deformation range covered 
and above 200°K the Cottrell-Stokes law was obeyed over 
stage I of the deformation* The observance of a Cottrell- 
Stokes law implies that the thermal stress is proportional 
to the applied stress and is usually taken to indicate an 
increase in the density of short range obstacles during 
work-hardening. Sharp and Christian first interpreted 
their results as indicating that the density of forest dis­
locations increased during deformation. Subsequently Sharp 
et al. (35) investigated by transmission electron microscopy 
the dislocation structure produced by the tensile deform­
ation of magnesium single crystals at 77°K and room temper­
ature* They noted that forest dislocations were rarely 
seen in the microscope and that the estimated density of all 
such dislocations was too low to make them the dominant 
obstacles governing the thermal stress. Their results 
showed that up to 80% shear strain the dislocations pro­
duced formed edge dislocation braids and dipoles, that there 
was no evidence of non-basal slip and that there was a very 
low density of screw dislocations®
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These results agreed with those of Hirsch and Lally
(36) who, using electron microscopy, made a comprehensive 
investigation of dislocation distributions in magnesium 
single crystals deformed at room temperature* They found 
that during stage A of the deformation, up to 250% shear 
strain, the dislocations formed consisted mainly of bands 
of edge dipoles and that very few screw dislocations 
were seen* No dislocations with non-basal Burgers vectors 
were observed, neither were dislocation loops* Making 
quantitative measurements, Hirsch and Lally further found 
that the dislocation density varied linearly with shear 
strain and shear stress squared*
Hirsch and Lally have explained the work-hardening of 
magnesium in stage A in terms of a model in which the dis­
locations from sources operating at a given time trap one 
another if the dislocations try to pass at too close a 
distance* The edges then form dipoles whilst screws an­
nihilate by cross-slip on prismatic or pyramidal planes* 
Prismatic lengths of dislocation intersecting the basal 
planes will then remain after the annihilation and must be 
cut by glide dislocations from sources which operate later 
in the deformation* However, Sharp and Christian have 
pointed out that the density of such dislocation lengths 
is expected to be very small and that these have not been 
observed in the electron microscope* They further noted
T!
that the hardening mechanism proposed by Seeger and Trauble
(37) for zinc, namely that point defects created during cold 
work condense into immobile dislocation loops which act as 
obstacles for the active slip planes, could not be invoked 
since sessile dislocation loops formed from vacancies have 
not been observed in cold-worked magnesium. However, since 
point defects are known to be produced by the deformation 
of magnesium (38), though by a mechanism which is uncertain, 
Sharp and Christian concluded that the best interpretation 
of the magnesium results at present seems to be that small 
clusters of point defects are produced by the occasional 
non-conservative motion of jogs in screw dislocations and 
that these clusters act as obstacles which give a contri­
bution to the thermal stress.
There have been two investigations which have reported 
the observation in the electron microscope of dislocation 
loops on the basal plane of magnesium, but both these pro­
duced such loops by quenching® Harris and Masters (39) 
have studied the annealing of faulted dislocation loops 
formed in quenched specimens of magnesium and zinc. They 
found that in thin foils prepared from these specimens all 
the loops they observed lay on the basal planes and were 
formed from vacancy clusters. They further found that 
after various annealing procedures loops in these foils 
could be nucleated or made to grow or shrink. Lally and
-  1 C  -
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Partridge (40) have shown that in magnesium quenched from 
a dry argon atmosphere, the most striking feature was the 
presence of large circular dislocation loops containing 
stacking faults on the basal plane. If magnesium was 
quenched from a moist argon atmosphere, with increasing 
water vapour contamination the predominant feature became 
rows of prismatic loops * Lally and Partridge proposed 
that this type of quenching produced high pressure hydrogen 
bubbles in the material and that the quenched-in vacancies 
might be absorbed by these, the prismatic loops being pro­
duced by the stress surrounding the bubbles*
1*3*1 Transmission Electron Microscopy - Zinc and Cadmium 
A transmission electron microscopy study of dislocations 
in zinc has been reported by Berghezan et al* (41)® Using 
foils prepared from heavily deformed rolled ingots they 
made observations on a variety of dislocations and disloc­
ation interactions, the most striking of which was the very 
frequent appearance of large dislocation rings lying in the 
basal plane* They concluded that these dislocation loops 
were formed by the condensation of vacancies generated during 
cold work* Since the loops were found to be sessile in 
the basal plane, it was proposed that they must play an 
important part in work-hardening, in particular for glide 
on the basal plane* In the electron beam these loops were 
observed both to expand and contract and Berghezan proposed 
that the growth of such loops could have been due to either
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"the further condensation of point defects still resulting 
from the deformation hut which start migrating as a result 
of thermal activation by the electron beam", or, "the foil 
surface acting as a source of vacancies as a result of 
growth of an oxide film on the surface. The oxide film 
is known to grow by the migration of interstitial zinc into 
the zinc oxide? this is of course equivalent to a migration 
of vacancies into the zinc film."
Following this study, Mader (42) has reported the work 
of Pfeiffer (43) who has examined the dislocations in deform­
ed zinc single crystals. From these he obtained slices 
parallel to the basal plane by cleavage at 90°K, from which 
foils for electron microscopy were prepared at -50°C. He 
found that these contained a high density of large loops 
in the basal plane and most of his observations were in 
agreement with those of Berghezan. Pfeiffer concluded that 
these loops were formed by the condensation of point defects 
created during cold work and that they acted as obstacles 
for the movement of dislocations on the basal plane. More 
recently Kratochvil (44) has made an electron microscopy 
study of basal slices prepared from zinc single crystals.
He observed the dislocation loops reported by Berghezan in 
foils from undeformed crystals but found not only that the 
density of these loops did not increase when the crystals 
were deformed but that the loops were not always obstacles
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for glide dislocation movement® From this evidence he con­
cluded that dislocation interactions with these loops could 
not explain work-hardening in zinc®
In the electron microscope Price (45) has deformed 
zinc platelets by second order pyramidal glide and has ob­
served the consequent formation of long, narrow dislocation 
loops on the basal plane* He concluded that these were 
formed not by the condensation of point defects produced 
during glide but from multiple jogs formed in <Il23> screw 
dislocations by cross-glide to enable these to avoid ob­
stacles* Price also observed that these long loops were 
unstable and could lower their energy by splitting up into 
rows of circular loops which were sessile, impeded the motion 
of dislocations and often shrank and disappeared by, he 
concluded, climb at room temperature by the diffusion of 
vacancies between the loops and the platelet surfaces* 
However, in a further report (46) in which he deformed 
a platelet at -60°G, Price observed that the long loops 
produced during the deformation showed no tendency to split 
up at this temperature but in a later review (47) he re­
ported that in zinc, the dislocation dipole which was 
initially formed by a jog in a <Xl23> screw dislocation to 
enable this to avoid an obstacle could break up to form a 
long loop even at temperatures as low as -120°C®
Several investigations have been specifically directed
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at studying and explaining the formation and behaviour of 
dislocation loops in zinc* Michell and Ogilvie (48) have 
recently reported a combined Lang X-ray and electron micro­
scope study of both zinc and cadmium platelets* They ob­
served that zinc crystals which were initially very perfect, 
almost dislocation free, became increasingly imperfect with 
time on exposure to air with the formation of both loops 
and line defects. Their conclusions invoked the mechanism 
proposed by Berghezan et al*, namely, that the defects they 
observed existed primarily to supply a sink for vacancies 
injected into the crystals by the formation of an oxide 
layer on the metal's surface*
Harris and Masters (39) in their electron microscope 
study of the annealing of faulted dislocation loops formed 
in quenched zinc reported that all the loops they observed 
lay on the basal planes and were formed from vacancy clusters* 
They found that after various annealing procedures loops 
in these foils could be nucleated or be made to grow or 
shrink* They observed that many such new loops were pro­
duced in specimens air-cooled from 4l5°C and that the con­
densed vacancy concentrations at room temperature in many 
areas of these were of the same order as the thermal equi­
librium value at a temperature just below zinc's melting 
point* Harris and Masters concluded that quenched-in 
vacancies could not readily escape from such foils because
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the foil surfaces vie re sealed by an oxide film. This, they 
pointed out, invariably formed at the metal's surfaces during 
polishing and subsequent handling and its presence prevented 
the free surface from acting as a vacancy sink. They sug­
gested that it was possible that the vacancy loops observed 
in zinc specimens by other workers and attributed by the 
latter to cold deformation, could have been formed from a 
free vacancy concentration resulting from an air-cooling 
from a high temperature at some time in the specimens' 
histories* Harris and Masters concluded that, except at 
the highest temperatures, free vacancies in concentrations 
in excess of the thermal equilibrium value could only an­
neal at the surface at regions where the oxide film had 
become locally ruptured* Dobson and Smallman (4-9) have 
also studied the climb of dislocation loops in foils of 
quenched zinc in the electron microscope. During observa­
tions in the microscope they found that generally the loops 
grew but sometimes shrank. They rejected the Harris and 
Masters' proposed mechanism of loop growth and concluded 
that vacancy loop growth and shrinkage were controlled by 
the formation of an oxide film on the foil during electron 
irradiation, the mechanism proposed by Berghezan et al.
Dobson and Smallman concluded that loop growth occurred by 
the absorption of vacancies produced by the formation and 
growth of this oxide film and that loop shrinkage took place 
by the emission of vacancies in regions of the foil situated
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immediately below cracks in the surface oxide layer*
There have been no reported electron microscope studies 
of dislocations in foils prepared from bulk cadmium single 
crystals and what information is available on dislocation 
arrays in cadmium rests almost entirely with the work of 
Price (50,51) who has studied pyramidal glide in cadmium 
platelets strained inside the electron microscope® These 
he deformed in tension parallel to the basal plane and over 
the temperature range +25°C to -150°C® Price found that 
the dislocations responsible for first order pyramidal glide 
were of pure edge orientation and that during the deformation 
they completely traversed the platelet on the same glide 
planes, without multiplying or forming obstacles to further 
glide, such as dislocation loops* Consequently there was 
no strain-hardening on this glide system® Second order 
pyramidal glide was found to take place by the movement of 
screw dislocations which, when jogged during cross-glide, 
caused the formation of elongated sessile dislocation loops 
on the basal plane® These loops were only stable at temp­
eratures below -120°C and some contained stacking faults. 
Price observed that the stress fields of these loops strongly 
resisted the movement of nearby basal dislocations® Having 
concluded that jogs on screw dislocations and the pinning 
effect of loops produced at jogs were the major causes of 
work-hardening during second order pyramidal glide, he
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proposed that work-hardening during the basal glide of suit­
ably oriented crystals would occur in a similar way, the 
jogs on basal dislocations with a screw component being 
responsible for loop formation*,
As for zinc, several investigations have been specific­
ally directed at studying and explaining the formation and 
behaviour of dislocation loops in cadmium* Price (51) 
also reported that the loops he observed both shrank and 
grew under the high beam intensities which, because of the 
relatively low transmissivity of cadmium to electrons, he 
was often forced to use. Rejecting Berghezan’s (41) oxide 
film mechanism because he found that loop growth occurred 
at very low temperatures, he proposed that loop growth pro­
bably resulted from the condensation of point defects pro­
duced near the platelet surface by ion bombardment* He 
reported (52) that if dislocation-free platelets at temper­
atures of h-25°C to -100°C were exposed for a few minutes 
to a high current beam in the electron microscope, they deve­
loped dislocation loops which he identified as faulted vacancy 
loops on the basal plane0 Price proposed that the vacancies 
were created by negative ions emitted by the microscope 
filament but this explanation of loop formation has been 
subsequently refuted by Harris and Masters (39) and Dobson 
and Smallman (49) who concluded that the presence of an 
oxide film provides the mechanism by which loop growth takes 
place* Price has summarized his work on both cadmium and
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zinc platelets in his review of transmission electron 
microscope studies of hexagonal metals (47).
Following Price's experimental procedure, Grump and 
Mitchell (53) also have observed the behaviour of the 
vacancy loops produced on the basal planes of cadmium plate­
lets exposed to the electron beam# They concluded that 
the loops were formed not by Price's ion bombardment mech­
anism but by the aggregation, under the influence of the 
electron beam, of small clusters of vacancies incorporated 
in the platelets during their growth. They have frequently 
observed the abrupt disappearance of these loops which was 
then followed, with a delay of a few seconds, by the appear­
ance of arrays of linear imperfections. The arrays associ­
ated with one loop contained lines which lay in a group of 
closely spaced basal planes. These lines grew and inter­
acted to form hexagonal networks which subsequently shrank 
inwards and then faded completely* Crump and Mitchell 
were not able to interpret their observations by using the 
analysis reported by Berghezan et al. (41) to explain similar 
systems of dislocations seen in zinc. Their proposed alter­
native hypothesis contained a number of outstanding diffi­
culties which they were not able to resolve without further 
work.
In their combined Lang X-ray and electron microscope 
study of cadmium crystals grown from the vapour, Michell
- 19 -
and Ogilvie (48) have reported that very perfect, almost 
dislocation free, platelets became rapidly less perfect 
on exposure to air at 20°C over an observation period of 
27 days® Their X-ray study showed that the defects which
formed in cadmium were similar to those they had observed
in zinc, namely loops, line defects and hexagonal arrays
of lines* They found that fresh loops were nucleated
during the whole observation period, whereas with zinc no 
additional loops appeared after the first few days. They 
found the rate of growth and the final size of the loops in 
cadmium to be greater than those in zinc. They also ob­
served an hexagonal array of lines contract and disappear 
in the manner reported by Crump and Mitchell. In their 
electron microscope study Michell and Ogilvie observed that 
initially defect-free platelets placed in the microscope 
developed growing loops a few seconds after the start of 
electron irradiation* They found that loops were still 
nucleated and grew at a similar rate when, as a barrier 
to negative ions, a carbon film was interposed between the 
crystal and the electron gun® They concluded that loop 
nucleation and growth could not be explained by either of 
the mechanisms proposed by Price and Crump and Mitchell 
but could be explained by the oxide film mechanism proposed 
for zinc by Berghezan et al. (41).
Prom the preceding summary it is apparent that for 
hexagonal metals little information is available about the 
increase of dislocation density with strain for single crys 
tals deformed in tension. There are only two reports con­
taining such information# The first, by Hirsch and Lally 
(36), on deformed magnesium single crystals determines 
dislocation density by thin foil transmission electron 
microscopy. The second, by Kratochvil and Homola (33), on 
deformed cadmium single crystals determines dislocation 
density by the use of an etch, claimed to be a dislocation 
etch. However, the results of these two investigations 
are at variance with each other. Hirsch and Lally report 
that the increase in dislocation density during the deform­
ation of magnesium in stage A is due mainly to an increase 
in the edge dislocation density, with very few screw dis­
locations being formed. Kratochvil and Homola report that 
the increase in dislocation density during the deformation 
of cadmium in stage A is due mainly to an increase in the 
screw dislocation density, the edge dislocation density 
remaining sensibly constant*
Since both these publications had not appeared when 
the work presented in this thesis was started, at that time 
there was no report on the increase of dislocation density 
with strain for a single crystal of a hexagonal metal de­
formed in tension. Consequently the aim of this thesis
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1.4 The Proposed Scope of this Thesis
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was to provide such information, cadmium being selected as 
the hexagonal metal for the reasons given above* The 
results contained in this thesis now make possible the 
critical appraisal of these two publications and enable 
their conflicting conclusions to be resolved*
At all stages of experimental work with cadmium single 
crystals, two of their properties dictate the development 
of the experimental techniques and procedures used* These 
are firstly, the mechanical softness of the crystals which 
renders them very susceptible to damage during handling, 
and secondly, the rapid recovery exhibited by deformed crys­
tals at room temperature* These properties raise much 
greater technical difficulties than those encountered when 
working with zinc or magnesium and necessitate that much 
time be spent overcoming them* They also make it essential 
that dislocation densities in deformed crystals be deter­
mined by at least two methods to ensure the validity of the 
conclusions reached during experimental work*
1•5 The Available Methods for Determining Dislocation 
Density
Three methods for determining dislocation density were 
available during the course of the work presented in this 
thesis* They were a dislocation etch, transmission elec­
tron microscopy and an electrical resistivity technique*
It had been hoped that it would be possible to compare the
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results obtained from the last two methods with those from 
the dislocation etch but technical difficulties prevented 
the full realization of both the electron microscopy and 
the resistivity work.
1.5.1 The Dislocation Etch
It has been known for some time that it is possible 
to reveal the sites where dislocations intersect the surface 
of a crystal by immersing this in a suitable solution, pro­
viding the surface corresponds closely with a close packed 
crystallographic plane. Such a solution is called a dis­
location etch and most frequently produces pits at the sites 
occupied by dislocations. The early work with dislocation 
etches for ionic crystals (54,55) and semiconductors (56) 
demonstrated quite clearly that an etch which reliably re­
veals dislocation sites in crystals can be a powerful tool 
in the study of the early stages of plastic deformation, 
when the dislocation density is still relatively low.
Since then dislocation etches have been developed for many 
metals and alloys and have yielded a wealth of information 
about the behaviour of dislocations under a variety of ex­
perimental conditions.
As it cannot be assumed that every etching mark pro­
duced on a crystal surface by a newly developed etch is 
associated with a dislocation, much work must be done with 
the crystal-etch system to try and establish a one to one
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correspondence between the etching marks and dislocations. 
Reporting on their dislocation etches for lithium fluoride, 
Gilman and Johnston (54) point out that "a large array of 
circumstantial evidence can be mustered in support of the 
hypothesis that, indeed, all dislocations are revealed by 
the etchant." They then demonstrate the comprehensive 
evaluation of an etch which must be made before it can be 
claimed with reasonable certainty that it is a dislocation 
etch. An outstanding example of such a comprehensive 
evaluation of an etch for a pure metal is found in the case 
of the copper dislocation etch introduced by Lovell and 
Wernick (57) and developed and evaluated by Livingston 
(58,59) and Young (60)#
this thesis was first reported by Blasdale et al. (19)® 
Subsequent work by Blasdale (17,31) has gathered a large 
body of circumstantial evidence to support the claim that 
this solution is a dislocation etch when it is applied to 
a crystal surface which exposes the (1010) crystallographic 
plane. Blasdale (61) had reported the difficulty he had 
experienced in making this dislocation etch repeatedly 
produce well defined etch pits residing in a smooth unetched 
background on square section crystals grown to expose the 
(1010) plane. Eor quantitative deformation work it is
essential that the dislocation etch be reliable and the 
causes of its unreliability were attributed to one or a
nital etch pit solution for cadmium used in
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combination of two factors® The first was considered to 
be a crystal effect, namely that the surface grown to expose 
the (lOlO) plane was sometimes misorientated from this plane 
by more than a critical maximum® The second was considered 
to be a solution effect, namely that undetected contaminants 
were sometimes present in the dislocation etch and that these 
modified the etching reaction* These conclusions led, in 
Chapter 2, to the development of a crystal growing technique 
which was capable of repeatedly producing seeded square 
section crystals with exposed surfaces misoriented from 
(1010) by less than 1°« They also prompted, in Chapter 3? 
a chemical examination of both the 1% nital etch and the 
20% nital polish used to prepare crystal surfaces for etch­
ing* This examination elucidated both the composition and 
the nature of the decomposition of these solutions and iden­
tified the dissolution reactions which take place when these 
solutions of nitric acid in ethanol react with pure cadmium*
Only Kratochvil and Homola (33) have examined the den­
sity and arrangement of the dislocations produced by the 
tensile deformation of cadmium crystals® They revealed 
dislocations with an etch which was claimed to be a disloc­
ation etch not only for primary screw dislocations but for 
primary edge dislocations intersecting the (lOlO) plane*
They report neither a comprehensive evaluation of their 
etch nor substantial circumstantial evidence to support
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their claim that it is in fact a dislocation etch* Clearly 
it is possible to investigate the validity of this claim 
using the i.% nital etch® This has been done and Kratochvil 
and Homola’s results critically appraised in Appendix 1.
It is common practice to estimate the dislocation 
density in deformed materials thinned for transmission 
electron microscopy by making dislocation line length or 
dislocation intersection counts on electron micrographs 
according to procedures established by Bailey and Hirsch 
(62) and Ham (63,64)* The error in the mean of a disloc­
ation density determined by these methods is reported as 
typically 20% to 30% and the micrographs on which measure­
ments are made can be either only those which can be obtained 
from a ’bad’ foil, or those which have been subjectively 
selected as typical of the overall dislocation distribution 
in a ’good1 foil. However, there is no established pro­
cedure for estimating dislocation densities from dislocation 
etch pit counts and since these densities must necessarily 
be low, the etch pit distribution is frequently inhomogeneous. 
The area over which it is required to determine an etch pit
o p p
density of typically 10f cm is usually about 1 cm , so 
that even if 10^ pits are counted only 0.01/^ have been 
sampled. Olearly then, the statistics of etch pit counts 
are important and it is surprising that other etch pit 
studies have not approached such counts in a systematic
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manner. For example, Livingston (65), Hordon (66) and 
Basinski and Basinski (67) have determined dislocation 
densities in deformed copper crystals by making etch pit 
counts, but give no indication of their sampling procedures. 
A rare example of a reported sampling procedure is given 
by Gupta and Strutt (68) who exposed and etched the {111> 
planes of copper single crystals they had deformed in high 
temperature creep. On each of these planes they selected 
60 areas at random and on them counted about 5000 etch pits 
to give etch pit densities which were reproducible to within
etch pit counts led, in Chapter 5, to a study of the etch 
pit distributions encountered in the present work and the 
development of a non-subjective systematic sampling procedure.
1.5.2 Transmission Electron Microscopy
As little dislocation recovery occurs at room temper­
ature in magnesium (69) this is a particularly suitable 
hexagonal metal to study by transmission electron micro­
scopy and the two investigations (35,36) which have used 
this technique to study dislocation arrangements in magnes­
ium single crystals deformed in tension have reported simi­
lar arrangements, not only to each other but to those 
observed in copper during stage I (70,71)*
This lack of an established procedure for making
Zinc, however, exhibits considerable dislocation re­
covery at room temperature and this is significant when it
is considered that in deformed hulk zinc (4-l,4-3?44) the 
obstacles to glide appear to be sessile loops produced by 
the condensation of vacancies and not the expected edge dis­
location braids and dipoles found in magnesium. If the 
work of Price (4-5) on zinc platelets can be used to antici­
pate what mechanisms may be operating in bulk zinc single 
crystals deforming by basal glide, it could be postulated 
that indeed dislocation braids and dipoles are formed during 
the deformation, but that dislocation recovery in this metal 
is sufficiently rapid even at -50°C (43) to enable these, in 
the environment of a thin foil, to break up (47) into 
long loops which can then split up (46) into the circular 
loops commonly observed in transmission electron microscope 
studies of deformed bulk zinc* If this is the case, it 
would appear that investigations which have studied deformed 
bulk zinc have not ,* in the light of the dislocation recovery 
this exhibits, given sufficient consideration to the manner 
in which it has been deformed and thinned*
With its lower melting point, cadmium exhibits a dis­
location recovery more marked than zinc (69) and it is clear 
that even greater difficulties can be expected to be encount­
ered in a transmission electron microscope study of deformed 
bulk cadmium* If, as in this thesis, it is proposed that 
such a study should examine the dislocation densities and 
arrangements in deformed single crystals of cadmium, and if 
the arrangements seen are to be truly representative of 
those which exist in the bulk material, then transmission
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electron microscopy work on cadmium can be expected to be 
extremely difficult. It is indeed significant that there 
has been as yet no such reported study. Again, if the 
work of Price (51) on cadmium platelets can be used to anti­
cipate what mechanisms may be operating in bulk cadmium 
single crystals deforming by basal glide, the same postu­
lations may be put forward as for zinc with the exception 
that in cadmium, long loops are only stable at temperatures 
below ~120°0® Thus, to ensure that if these loops are 
present in deformed bulk cadmium single crystals they do 
not split up before they can be observed in the electron 
microscope, and to minimize the effects of other dislocation 
recovery mechanisms which may take place after the deform­
ation, it is essential that an electron microscope study of 
cadmium be carried out only after a thorough consideration 
has been given to the manner in which the crystals are to 
be deformed and thinned® In addition, precautions must 
be taken to prevent both the growth of the oxide film which 
forms on the irradiated foil and acts as a source of defects 
(48), and the dislocation recovery which will take place 
in the electron beam (69)* This makes the use of both a 
cold stage and a low beam current imperative, which in turn 
dictates that the thinning procedure used must be capable 
of producing large, very thin areas*
If account is not taken of the damage which will be
injected into a foil during its preparation for electron 
microscopy, thinning cadmium for the electron microscope 
is not difficult, (72) and Appendix 3« However, if it is 
proposed to study the dislocation structure in deformed 
single crystals using electron microscopy, not only is it 
essential to ensure that the thinning procedure used does 
not inject handling damage into the foil, but it is also 
necessary to use a crystal sectioning method which will not 
damage the foil. The widely used method of sectioning by 
spark erosion was available for the present work, but there 
was no quantitative information on the magnitude and the 
depth of the damage this would produce in cadmium single 
crystals or any other similarly soft material. Since the 
possession of such information was essential before electron 
microscopy could be pursued, and since reliable estimates 
of spark erosion damage can only be made with an etch pit 
technique, in Chapter 4 an investigation was carried out 
into the damage spark erosion machining injected into cadmium 
single crystals. This has made it possible both to use 
spark cutting with confidence and to produce damage-free 
films for electron microscopy„ Unfortunately, it has not 
been possible to present information on deformed crystals, 
though this will be available shortly, but the results of 
producing thin films from sectioned undeformed crystals are 
presented in Appendix 3«
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1.5.3 The Electrical Resistivity Technique
It is known that the plastic deformation of a metal 
usually causes an increase, Ap, in the electrical resis­
tivity which can he divided into two parts of roughly equal 
magnitudes Ap ~ Ap^ + Apy« Apy disappears after 
annealing at temperatures where point defects can diffuse 
but A p D remains until recrystallization occurs and is 
ascribed to the scattering of electrons by dislocations, 
Basinski et al® (73)® If a single crystal is deformed 
and the point defect contribution to its resistivity is 
allowed to diffuse out before its bulk resistivity is meas­
ured at 4.2°K, that resistivity is due to a combination of 
impurity and dislocation resistivity* If the crystal is 
then annealed and its resistivity remeasured at 4* 2°K, pro­
viding no impurity rearrangement has taken place during the 
anneal, it should be possible to correlate the change in 
measured resistivity with the change in dislocation density 
as measured by another technique* In Chapter 6, the resis­
tivities of deformed and subsequently annealed cadmium crys­
tals were measured at 4«2°K using an available apparatus, 
and an attempt was made to correlate the measured changes 
in crystal resistivities with the changes in dislocation 
densities as measured by the etch pit technique* The inter 
pretation of the results obtained required recourse to a 
theoretical solution appropriate to the geometry of rect­
angular section crystals placed in the resistivity apparatus
This solution is presented in Appendix 2» Had the antici­
pated correlation been established it would also have been 
possible to determine a value for the dislocation resistivity 
in cadmium but technical difficulties prevented the full 
realization of this resistivity technique.
-  32 ~
METAL
a c c/a MELTING
PgINT teo/ tm pA0 (Room temp)
Cd 2.972 5.605 1.886 321 0.49
Zn 2.659 4.936 1.856 419 0.42
Ideal — - 1.633 — -
Co 2.502 4 .061 1.623 1478 0.17
Mg 3*203 5.200 1.623 650 0.31
Re 2.760 4.458 1.615 3150 0.08
ot-Zr 3.231 5.147 1.593 1860 0.14
a-Ti 2.950 4.683 1.587 1800 0.14
a-Hf 3.194 5.051 1.581 2220 0.12
Be 2.281 3.576 1.568 1300 0.1S
Table 1.1 The lattice parameters and melting points 
of some of the hexagonal close packed metals.
BLIP SYSTEM SLIP PLANE SLIP DIRECTION
Basal (OOOl) <1120>
Prism type I <10l0> <1120>
1st order pyramidal type I <ll20>
2nd order pyramidal type II <1122} <1123>
Prism type I <1010} <0001>
Prism type II <1120} <0001>
Table 1.2 The slip systems available in hexagonal metals*
Fig. 1.1 The basal
slip system (0001)<ll20>.
Fig. 1.2 The prismatic 
slip system {I0l0}<ll20>.
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Fig* 1.3 The pyramidal Fig* 1.4 The pyramidal
slip system {10ll3<ll20>« slip system {1122}<1123> «
Fig* 1*5 The prismatic 
slip system {10l0}<0001> .
Fig* 1.6 The prismatic 
slip system {ll20}<0001>*
THE GROWTH OF SQJJARE SECTION SINGLE CRYSTALS OF CADMIUM
For the repeatedly successful use of the 1% nital 
dislocation etch, it was considered necessary to produce 
crystals with exposed plane surfaces misoriented from the 
(1010) plane of the cadmium lattice by less than 1°, Section 
1.5.1® This was achieved by the growth of seeded single 
crystals of square section from high purity cadmium by the 
Bridgman technique# These were grown both horizontally 
and vertically in split graphite moulds surrounded by an 
argon atmosphere* The misorientation of a crystal from the 
desired perfect orientation, selected as ‘X. « X = 27°,
Fig* 2*1, was determined by the X-ray back reflection Laue 
method and interpreted in terms of the misorientation of 
the edge faces of the crystal from the (lOlO) plane# Crys­
tals were cut into lengths suitable for experimental work 
by spark erosion machining*
2.1 Materials
CHAPTER 2
Matthey and Co# Ltd#, London in the form of spectrographic- 
ally standardised rods, 8 mm diameter x 10 cm long# The 
main impurities as assessed by the suppliers were: both
bismuth and iron 1 p.p#m*, aluminium, calcium, copper, 
magnesium and silver all less than 1 p#p*m* High purity
Cadmium purity was supplied by Johnson,
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graphite, type EYC 110, was supplied by Morganite Carbon
Oxygen Co® Ltd®, London*
2.2 The Graphite Mould used Horizontally
Initially single crystals were grown horizontally in a 
split graphite mould, Fig. 2.2, similar to the pyrophillite 
one used by Blasdale (17). Mechanically the crystals were 
very soft so that subsequent handling always presented prob­
lems if damaging them was to be avoided® Consequently, so 
that crystals could be removed from the mould without their 
being strained, this was made in three pieces which, when 
assembled with steel nuts and bolts, contained a square 
section channel of side 3/16n and length 6" in which the 
crystals were grown® The split between the two bottom parts 
of the mould ran down the centre line of one of the channel 
sides *
2.2.1 The Horizontal Growth of Crystals
The method used to grow crystals horizontally followed 
Blasdale (17) and will here be summarized® The ingot, from 
which a crystal was to be grown, was cast from a 7 cm length 
of cadmium rod® This was first chemically polished in a
solution of AnalaR fuming nitric acid in AnalaR ethanol,
20/6 nital, and then placed in a length of glass tubing, one 
end of which had been drawn out to form a funnel. The 
graphite mould was assembled with a lid which had no expansion
Ltd®, London
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hole and was placed with its closed end downwards in the 
bottom of a Pyrex tube* This carried at its top end a 
socket into which the cone of a stopcock could be fitted.
The cadmium charged funnel was inserted into the open end 
of the mould and the Pyrex tube, fitted with the stopcock, 
was evacuated, filled with argon and sealed. With its 
axis vertical and stopcock uppermost, the tube was then 
supported inside an electric furnace which completely con­
tained the mould. The furnace was run until all the cad­
mium had melted and fallen into the mould channel after 
which it was raised two inches relative to the tube and 
turned off® This promoted the slow solidification of the 
cast ingot from its lower end.
The ingot was then removed from the mould, reduced 
to a standard length of 11.5 cm by cutting off square its 
upper end in a spark erosion machine, and polished in 20% 
nital to remove the traces of oxide which had formed on it 
during the casting procedure. The cleaned ingot was re­
placed in the bottom of the mould channel and against its 
square end was butted a 3.5 cm length of seed single crystal 
of the desired orientation. The mould was reassembled with 
the lid with the expansion hole, into which was placed a 
small piece of cadmium to act as a channel top up reservoir, 
and was replaced in the Pyrex tube which was again filled 
with argon.
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The tube was then supported horizontally so that the 
mould expansion hole was uppermost and laid in the centre 
of a travelling electric furnace mounted on a trolley. In 
this position the furnace was run for a previously determined 
time which ensured that the whole of the Ingot and part of 
the seed had been melted. The furnace was then withdrawn 
from the mould at a rate of 5 cm/hr and thereby caused the 
molten ingot to solidify in the form of a single crystal 
whose orientation was determined by that of the seed.
2.2.2 The Faults in the Horizontal Growth Method
The use of the horizontal growth method gave a low 
yield of single crystals of the desired perfect orientation. 
This was attributed to several factors.
Firstly, if the seed was to be retained in the position 
it occupied when the mould was assembled, it had to be grip­
ped by the sides of the mould channel when the two bottom 
parts of the mould were bolted together. The seed was 
frequently damaged by being pinched in this way. Secondly, 
since the reservoir end of the ingot was constrained by the 
closed end of the mould channel, during the heating of the 
loaded crystal mould when the ingot was still solid, thermal 
expansion of the ingot could take place only in the direction 
of the seed. Frequently the expanding ingot pushed the 
seed along the channel and this resulted in such poor thermal 
contact between the ingot and the seed that the liquid-solid
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melt back boundary did not reach the ingot-seed interface.
If the seed remained pinned in position, because it was 
subjected to the compressive force exerted by this thermal 
expansion it was subsequently found to be covered by many 
heavy slip lines. This situation often led to disoriented 
crystal growths.
Thirdly, the split between the two bottom parts of 
the mould sometimes caused the growth of bicrystals. These 
were found to be nucleated in the seed where the split met 
the melt back boundary. During crystal growth the split 
maintained the bicrystal boundary which was found to run 
along the centre of the corresponding face of the grown 
crystal. Fourthly, the attachment of the ingot to the 
seed at their common interface was frequently only partial 
and this sometimes caused a misorientation between the seed 
and the grown crystal to be nucleated here. It was con­
cluded that this poor attachment was caused by the head of 
molten cadmium produced by the reservoir being too small.
This head was also insufficient to keep the mould channel 
completely filled and consequently the grown crystals had 
rounded edges. Occasionally the resolidified reservoir 
trapped the mould lid, which could then be removed only by 
damaging the neighbouring part of the grown crystal.
A consideration of these faults led to the design of 
a matched pair of moulds which were used for casting ingots
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and growing crystals vertically®
^ * 3 The Graphite Moulds used Vertically
The ingot casting and crystal growing graphite moulds 
used vertically are shown in Fig® 2*3® The split between 
the two bottom parts of each mould had been moved so that 
it ran along an edge of the mould channel. This removed 
the source where bicrystals were nucleated in the horizontal 
growth method® The ingot mould was made with an integral 
funnel which could accept a charge of cadmium rod® This 
obviated the use of glass funnels® Both mould channels 
were machined square in cross-section to an accuracy of 
+.001" along their lengths, the ingot being of side *187" 
and the crystal of side ®190"* This ensured that a cast 
ingot could slide freely in the assembled crystal mould 
channel® The closed ends of both channels were finished 
square with a hand tool so that both the crystal channel 
could accept a seed at this its lower end and an ingot, 
when transferred into the crystal channel, could butt 
squarely against the upper end of the seed* After being 
machined, the crystal channel sides which were to form the 
edge faces of the crystal were hand finished with a very 
fine carborundum paper® They were then polished smooth 
with a paper tissue soaked in benzene®
2.3•1 The Vertical Growth of Crystals
At all stages of the crystal growing procedure consid-
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©ration was given to maintaining the purity of the supplied 
cadmium® Before use the disassembled moulds and their nuts 
and bolts were thoroughly degreased with benzene and baked
of oOOl torr# This vacuum was maintained while the moulds 
were subsequently cooled to room temperature and the complete 
baking out procedure was repeated each time a mould had been 
used on six occasions* The Pyrex tubes in which the moulds 
were placed were initially cleaned with chromium trioxide 
cleaning solution followed by several distilled water rinses® 
Again tubes were cleaned after their every sixth use® To 
reduce the amount of impurities seeded crystals absorbed 
from the graphite , three ingots were cast and three dummy 
crystals grown in new moulds before these were used to pro­
duce seeded single crystals#
An ingot was cast from a 6.5 cm length of cadmium rod 
which had been cut with a fine jeweller's saw and polished
by the out. The rod was then given three ethanol rinses, 
thoroughly dried in a warm air blast and loaded into the 
funnel of the assembled ingot mould* The charged mould 
was placed at the bottom of a Pyrex tube which was then 
evacuated, filled with argon, sealed and supported inside 
the electric furnace shown in Pig. 2.4* The lower end of 
the furnace former was placed at the bottom of the tube so
out for 3 hours at 500°C under a continuously pumped vacuum
for 2 min nital to remove the contamination imparted
that the lower end of the mould occupied the centre of the 
furnace® This was run in this position for 15 min to 
heat the bottom of the mould channel and was then raised 
by an electric motor for 30 min at the rate of 40 cm/hr. 
This procedure ensured that the cast ingot was free from 
both voids and a shrinkage cavity® The furnace coil was 
wound on a 24 cm long, 3«8 cm diameter iron former wrapped 
with asbestos paper® It comprised 80 turns of 24 S.V.G-® 
80/20 Vacrom wire spaced 2®5 mm apart, had a resistance 
of 50 ohms and was overwound with asbestos string. The 
furnace voltage was supplied by a variable voltage mains 
transformer and process timers controlled the casting 
sequence ®
The cast ingot was reduced to a standard length of 
13 cm by cutting off square its upper end in a spark erosion
bottom parts of the crystal mould were assembled with a 
5 cm long seed at the closed end of the channel, the seed 
being so disposed that one of its screw faces would face 
the mould lid. The channel was then loaded with the ingot 
which, disposed in the same sense in which it had been cast, 
was butted against the seed. With its lid fitted, the 
mould was placed in a second Pyrex tube which again was 
filled with argon and placed in a furnace identical to the 
ingot one, Pig® 2*4-» The lower end of the furnace former
machine and was nital for 1 min. The two
was set 3*5 cm above th® bottom of the mould and the trans­
former set to supply 130 V a.c® to the furnace® In this 
position the furnace was run for 1 hour which ensured that 
the melt back boundary had reached its terminal position in 
the centre of the seed. The furnace was then raised for 2i 
hours at a rate of 6.6 cm/hr and then turned off® The tube 
and mould were allowed to cool to room temperature before 
they were removed from the furnace and opened® The trans­
former was supplied from a stabilized mains voltage and pro­
cess timers controlled the growing sequence.
2.3*2 The Performance of the Vertical Growth Method
Once a given mould, tube and furnace system had been 
calibrated to ensure that the melt back boundary would reach 
a terminal position in the centre of the seed, each growth 
produced a single crystal of an orientation within ±2° of 
that desired® The seed was not damaged either during the 
assembly of the mould or by the thermal expansion of the 
ingot® No bicrystals were grown. After a growth all trace 
of the ingot-seed interface had disappeared and no stray 
orientations were nucleated in this region®
When X-rayed, the first crystal grown from a new seed 
was invariably found to be about 2° off the desired perfect 
orientation® This seed was recovered and then spark planed 
so that it could be packed with granulated cadmium into the 
mould channel in an improved position® The orientation of
—» M3
-  ~
the crystal grown from this relocated seed was assessed and 
the above procedure repeated until a crystal of perfect ori­
entation was grown* The seed which produced this crystal 
was then reused for subsequent growths for which it was re­
located in exactly the same position it had occupied during 
the first successful growth® This was achieved by giving 
the seed only a light polish between growths and relocating 
the very small lumps on the seed’s surface in the corres­
ponding holes in the mould channel which had produced them*
It was found that, with small adjustments to the transformer 
setting, the melt back boundary could be placed in any desired 
part of the seed to an accuracy of *2 mm. This made it 
possible to scan seeds many times and thus keep their size 
up to channel dimensions.
Prom such starting seeds of perfect orientation, the 
yield of grown crystals less than t i °  off this orientation 
was 50$) and less than ±1° off was 75$) •
2.4 The Determination of Crystal Misorientation
The misorientation of a grown crystal from the desired 
perfect orientation was determined by the X-ray back reflec­
tion Laue method* A 3 cm camera, equipped with a collimator
3.2 cm long and 0.25 mm in diameter, was used with an X-ray 
tube which operated at 40 kV and with a 15 mA beam current 
and copper target* These produced a sufficiently intense 
spot pattern on the film after a 10 min exposure. Crystals
4-5
were X-rayed in the crystal mould with the lid removed and 
the mould could be moved along its supporting plinth in such 
a way that the X-ray beam always fell normally on the exposed 
crystal screw face, Pig. 2«1® Each crystal was X-rayed at 
six points along its length and at a further similar six 
points with the mould rotated through 180° about the beam®
The misorientation of a crystal was interpreted in terms of 
the misorientation of its edge faces from the (lOlO) plane®
It was possible to determine such a misorientation to an 
accuracy of tk° by using only a Greninger chart, since a 
crystal of perfect orientation produced a spot pattern sym­
metric about the x-axis of the film, Fig 2.1.
2®5 The Cutting of Grown Crystals
Each growth produced a crystal about 17 cm long from 
which the seed had to be recovered and specimens suitable 
for experimental work obtained® Since a crystal of such 
length was mechanically very soft it was cut by spark erosion 
machining® The crystal mould was placed on a specially 
made steel table mounted on the spark machine so that the 
crystal's exposed screw face laid on the table surface® The 
bolts which held the two bottom parts of the mould together 
were then slackened and the mould was lifted away from the 
crystal® This was carefully pushed up to the table surface's 
reference ridge against which it was held with magnets® A 
fixed tungsten wire of diameter .005" and aligned at 90° to 
the ridge was used to cut the crystal on the spark machine's
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Range 6, Section 4.2® The three cuts made at 5 cm intervals 
from the seed end of the crystal released the seed for the 
next growth and gave two 5 cm specimens which were washed in 
acetone and stored for later experimental work.
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1
Fig. 2.2 The graphite mould used horizontally.
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Fig. 2.3 The graphite moulds used vertically.
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Fig. 2.4 The ingot casting and crystal 
growing vertical furnace.
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CHAPTER 3
THE CHEMICAL EXAMINATION OP THE NITAL 
POLISHING AND ETCHING SOLUTIONS
Like the production of thin films for electron micro­
scopy, the successful application of dislocation etches is 
renowned for its capriciousness, e®g® Brandt et al, (28)®
If it is found that a certain solution operates as a dis­
location etch on an exposed crystallographic plane of a 
given material, it should be possible to complete a compre­
hensive chemical examination of the solution and thus 
characterize its composition® Once gained, this knowledge 
of the solution’s chemical composition should not only make 
it possible for any worker to reproduce the solution, and 
with it obtain the expected reliable dislocation etching, 
but might also make it possible to elucidate the fundamental 
mechanism of dislocation etching about which little is known®
The causes of the unreliability of the 1% nital dis­
location etch had been considered to be possibly due to a 
solution effect, namely that undetected contaminants were 
sometimes present in the etch and that these modified the 
etching reaction, Section 1.5.1* After a brief summary 
of some previous investigations which have attempted to 
elucidate the mechanism of dislocation etching, this chapter 
describes the methods of chemical examination which were
used to characterize the compositions of both the 20$o nital 
chemical polish and the 1$) nital dislocation etch, in an 
attempt to identify any contaminants present in these® The 
results of the chemical examination led to a controlled 
study of the effects of etching crystals with exposed sur­
faces misoriented from (1010) by accurately known amounts 
and this study enabled the difficulty Blasdale (61) had 
experienced with the etch to be explained® The chemical 
examination also enabled the compositions of both fresh 
and old nital solutions to be proposed® The insight into 
fresh nital thus gained led to an attempt to elucidate 
the fundamental mechanism of dislocation etching by making 
well-informed changes in the composition of this solution 
and studying the effects these changes had on the ability 
of nital-like solutions to act as a dislocation etch®
3•1 Reported Examinations of Dislocation Etches
The reported investigations which have been specifically 
directed at examining the dissolution reaction which takes 
place between a dislocation etch and an exposed crystallo- 
graphic plane of a material, have observed the changes 
produced in the etching figures on this plane by the system­
atic variation of the constituents of the etch® Such in­
vestigations have been carried out principally on lithium 
fluoride and copper® Gilman and Johnston (54) have reported 
two etches which revealed dislocations on the (100) plane
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of lithium fluoride. The first, etch "A", attacked all 
dislocations equally well whereas the second, etch "W", 
distinguished between aged and fresh dislocations. Etch 
"A" was first reported (74) as the reagent known as CP-4 
which comprised hydrofluoric acid, glacial acetic acid, 
concentrated nitric acid and liquid bromine, but Gilman 
and Johnston found that, before it could be used as an etch, 
fresh CP-4 had to be modified by dissolving in it some iron 
from the forceps they used to hold their crystals. They 
then determined that the essential constituents of the re­
agent were hydrofluoric acid, acetic acid and ferric ions 
and concluded that these ions acted to inhibit the fast 
reaction between the acids and lithium fluoride. The simpler 
composition of the etch fiW " , a dilute aqueous solution of 
PeP^, enabled Gilman et al. (75) to elucidate the mechanism 
by which this etch operated. This they did by observing 
the effects on the shape of the etch pits of varying both 
the PeP^ and LiP concentrations in the etch, changing the 
anion and cation of the salt and adding to the etch anions 
which formed complexes with Fe^+ cation. Prom their results 
they concluded that the formation of dislocation etch pits 
by this etch could be understood in terms of a preferential 
nucleation of unit pits one molecule in depth at dislocations 
and the inhibition of the motion of the edges of these pits 
by ferric ions. They deduced that the effect of ferric 
ions was to slow the motion of steps away from the unit
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pits and across the crystal surface, thereby producing steep 
visible etch pits instead of the wide indistinct pits that 
were found to be formed by a pure water etch, and they pro­
posed that the ferric ions appeared to act by complexing 
with fluoride ions of the crystal surface, thus protecting 
the surface from further dissolution.
The work on dislocation etches for copper has proved 
less fruitful, due most probably to their more complicated 
nature. Lovell and Wernick (57) have reported that the 
shape of the etch pits produced by their dislocation etch 
for the (111) plane of copper depended markedly on the amount 
of bromine present in the etch which contained aqueous ferric 
chloride, hydrochloric acid, acetic acid and liquid bromine. 
Since without the bromine their solution produced no pits 
and with an equivalent amount of iodine, a weaker oxidizing 
agent, in place of the bromine the solution was still in­
effective, they proposed that bromine played an important 
part in the etching reaction, probably as a strong oxidizing 
agent. Young (60) has reported successful etching on the 
same plane with a bromide ion added to a ferric chloride- 
hydrochloric acid solution and Livingston (58) has reported 
that the ferric chloride is not necessary for good etching 
and that a solution containing hydrochloric acid, acetic 
acid and liquid bromine developed dislocation etch pits on 
this plane. Young (60) has divided chemical reactions for
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the dissolution of copper into two types, the first being 
slow reactions, in which oxygen dissolved in the solution 
oxidizes the copper and some salt or acid in the solution 
then dissolves the oxide, the second being fast reactions, 
in which the solution contains its own oxidizing agent. 
Young has investigated fast reactions by etching a copper 
sphere in a variety of solutions containing iron halides 
and subsequently studying the sphere 1 s crystallographic 
poles® From his results he could deduce only that the 
dissolution of the copper involved the formation of com­
plex ions and he suggested that it was possible that 
bromide and chloride ions acted as "poisons" to retard 
step motion® At the same time Jenkins (76) investigated 
the mechanisms of the slow reactions by studying the dis­
solution of oriented single crystals of copper in stirred
- 2aqueous solutions of 10 M ethylenediamine. He found
that the nucleation of reaction sites appeared to be a 
random process on the (100), (110) and (111) planes and 
he could give no explanation of the lack of correlation 
between crystal imperfections and chemical reactivity pro­
duced by this type of slow reaction.
There has been no published report of a chemical 
examination of a dislocation etch, due most probably to 
the generally complicated compositions of such etches, 
and previous examinations of dislocation etches have not 
revealed any detailed physical chemistry of the solutions
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themselves and consequently, though systematic, have been 
of an empirical nature. rJ?he 1*^ 6 nital dislocation etch, 
which has only two constituents, nitric acid and ethanol, 
clearly offered the chance of being able to make an esti­
mate of the ionic composition of this solution by chemical 
means. The following sections describe how this was 
accomplished and report, for the first time, the composi­
tion of a dislocation etch as revealed by a comprehensive 
chemical examination. The chemical knowledge gained 
from this examination is worthy of recognition in its own 
right since, although much is known about the chemistry 
of aqueous solutions of nitric acid (77), very little is 
known about alcoholic solutions of nitric acid (78)»
The final sections report how, with the knowledge of the 
chemical composition of 1 ^  nital, well-informed changes 
were made to this solution in an attempt to elucidate the 
fundamental mechanism of dislocation etching.
3 * 2 The Preparation of the Nital Solutions and Pure 
Nitric Acid
The 2 0 ^  and l°/6 nital solutions were always prepared 
by the following procedure. 80 ml of absolute alcohol 
were poured into a 250 ml glass beaker which was placed 
in a cooling trough containing water at room temperature. 
The beaker was then shaken and into the moving alcohol 10 
ml of fuming nitric acid were poured. The beaker was 
allowed to stand for 10 min to allow the heat produced by
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the ensuing exothermic reaction to be dissipated. This 
procedure was repeated twice more and on each occasion a 
further 5 ml of acid were poured into the solution pro­
ducing finally 100 ml of 20°/o nital i.e. a 20°/6 solution 
of fuming nitric acid in ethanol by volume. nital
was then prepared by pouring 5 ml of this 20°/t nital into 
a shaken bottle containing 95 ml of absolute alcohol.
Both solutions were then stored at room temperature in 
stoppered dark glass bottles.
The absolute alcohol used was of AnalaR reagent grade 
and obtained from James Burrough Ltd., London. The fuming 
nitric acid was, unless stated otherwise, also of AnalaR 
grade and obtained from B.D.H. Ltd., Poole. This yellow 
acid had been assayed by titration and contained net less 
than 95°/6 nitric acid, the remaining 5°/b being mainly 
water. The quoted nitric acid content also included the 
lower order nitrous acid, which it was suspected was pre­
sent at a l°/b level. This is formed during the commer­
cial production of the fuming nitric acid when the acid 
content of concentrated nitric acid is raised by passing 
nitrogen dioxide, through it. The N02 , being
soluble in the water present in the concentrated nitric 
acid, produces both nitrous acid and further nitric acid 
according to the equilibrium
h 2o + 2n o 2 h n o 2 + hnc>5
“ 5 7 -
During this process the position of equilibrium lies to 
the right but when the fuming nitric acid produced is 
bottled the position of equilibrium moves to the left with 
the consequent release of the brown NO^ which is respons­
ible for the acid’s yellow colour.
So that some experiments could be carried out with
nitric acid which did not contain nitrous acid, water or
NO29 a quantity of 100°/b pure nitric acid was obtained
from the distillation of a HNO-, - HoS0„ mixture, one vol-
p  d 4
ume of concentrated HNO-, with three volumes of concentrated 
•^2^°4 9 4n an aH"*6lai3s apparatus at room temperature under 
reduced pressure# The distillate was collected and 
stored in a receiver, which was cooled in an alcohol-solid 
carbon dioxide mixture, as a white crystalline solid which 
melted to a colourless liquid at -41°C when it was allowed 
to come up to room temperature only immediately before it 
was to be used for an experiment#
3•3 The Observed Properties of the Nital Solutions
Fresh 20$6 nital was water-white and had a charac­
teristic pungent smell but over a period of a week it 
developed both a yellow coloration, which subsequently 
disappeared, and a sweet smell* It was known (61) that 
20$6 nital, though an excellent chemical polish for 
cadmium when fresh, produced stains on polished crystals 
when it was more than three days old# Fresh l^b nital
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was also water-white but with a smell indistinguishable 
from that of alcohol* Neither its colour nor its smell 
changed over a period of several weeks. Though nital 
had proved to be an unreliable dislocation etch (61), it 
was sometimes found to be possible to use it to etch 
successfully for at least several weeks after it had been 
prepared.
These properties seemed to indicate that 20^6 nital 
was a chemically unstable solution but that 1 °/b nital, 
though prepared from 20°/b nital, was essentially stable. 
These conclusions prompted not only chemical examinations 
of the two fresh solutions, Section 3.5, but their peri­
odic examination as they aged. Section 3.6.
3•4 The Methods of Chemical Examination Used
The methods used to examine the nital solutions may 
be divided into two groups. The first comprised three 
methods which examined the solutions as electrolytes, 
namely, the measurement cf their electrical conductivities, 
the electrolysis of the solutions and finally the measure­
ment of their pH values. The second comprised three 
absorption spectroscopy methods, these of ultraviolet, 
infrared and nuclear magnetic resonance spectroscopy, 
and Raman spectroscopy. Summaries of the theories behind 
the absorption spectroscopy methods are given by Dyer (79) 
and behind the Raman method by Evans (80).
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3.4.1 The Electrical Methods
The electrical conductivities of solutions at 25°0 
were measured hy placing them in turn in a conductivity 
cell comprising a stoppered glass container fitted with 
two bright platinum foil electrodes in a fixed geometric 
arrangement® The electrodes were totally submerged in 
50 ml of solution and were connected into an arm of a 
resistance-capacitance a.c. bridge operating at a frequency 
of 1 kc/s which was used to measure the cell resistance 
while preventing the electrodes being polarized. The 
filled cell was placed in a constant temperature bath and 
its resistance measured by balancing the bridge using a 
tuned amplifier and null detector. The conductivity, ft, 
of the solution in the cell was then calculated from the 
relation ft «= G/R, R being the measured resistance and G 
the cell constant, which was subsequently determined by 
measuring the resistance of the cell when filled with a 
solution of known conductivity® Each solution examined 
was kept in the bath over a period of several weeks and 
its conductivity determined at intervals during this time.
The electrolysis of the solutions was achieved by 
placing them in turn in an electrolytic cell comprising a 
stoppered glass container fitted with two bright platinum 
foil electrodes, which were totally submerged in 50 ml 
of the solution. The electrodes were 5 mm square in 
cross-section and placed 5 cm apart. They were connected
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to a d.c. supply which, to prevent the thermal decomposi­
tion of the solution, passed a current of less than 20 mA 
through the solution for a period of several hours.
During this time the surface of and the solution around 
each electrode was scrutinized through a magnifying glass so 
that any solution decomposition products could he detectede
Basically a pH meter is a valve voltmeter which 
measures the e.n.f® produced across the electrodes of a 
cell which uses the solution being investigated as an 
electrolyte. If one electrode is reversible to hydrogen 
ions this e.m.f. may be interpreted as a measure of the 
hydrogen ion concentration present in the solution, the pH 
value being defined as -log^ of this concentration. The 
pH values of solutions at 25°0 were measured with a Vibron 
pH meter, model 39A. The cell used with this comprised 
a stoppered glass container filled with the solution in 
which were placed two tubular glass electrodes. One of 
these, the reference electrode which maintained a constant 
potential with respect to the solution, terminated in a 
porous plug and contained calomel. The other, which was 
reversible to hydrogen ions, was sealed by a thin-walled 
glass envelope and contained a silver - silver chloride 
electrode in hydrochloric acid. This type of cell was 
commonly used to determine the pH values of aqueous sol­
utions. Dor pure water it is known that the product of 
the hydrogen ion, H+ , concentration and the hydroxyl ion,
— —14 r-0OH , concentration is 10 at 25 0. Hence, for aqueous
solutions, the pH value may range from zero, for a solu­
tion of strong acid of unit activity, through 7, for a 
neutral solution, to 14, for a solution of alkali of unit 
activity#
3 • 4# 2 The Spectroscopic Methods
An absorption spectrum of a substance is obtained by 
placing it in a spectrometer equipped with a source of 
energy that provides electromagnetic radiation in the fre­
quency range being studied# The spectrometer analyses 
the transmitted energy relative to the incident energy for 
a given frequency# Although the mechanism of absorption 
of energy is different in the ultraviolet, infrared and 
nuclear magnetic resonance regions, the fundamental pro­
cess is the absorption of a certain amount of energy#
The energy required for a transition from a state of lower 
energy to one of higher energy is directly related to the 
frequency of electromagnetic radiation that causes the 
transition and is quantized# The energy absorbed is 
given by E « hv, where h is Planck’s constant and v is 
the frequency of the incident radiation# For a given ex­
citation process, a molecule absorbs only a discrete 
amount of energy and hence absorbs radiation of only one 
frequency# If this were the case with all molecules 
of a substance its absorption spectrum would comprise a 
series of lines. However, a group of molecules exists
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in a number of different vibrational and rotational states, 
each state differing from another by a relatively small 
amount of energy. Thus a group of molecules absorbs 
energy over a small range and gives rise to an absorption 
spectrum comprising a series of bands or peaks. It is 
common practice to interpret the molecular spectrum of an 
unknown substance by making empirical correlations with 
the extensive published compilations of spectra of known 
substances. This procedure was followed in interpreting 
the spectra obtained during the course of the present work.
The absorption of light energy in the ultraviolet 
region by molecules involves the promotion of molecular 
orbital electrons from their ground state to higher ener­
gy states. The absorption produced by the nital solu­
tions was examined over the wavelength range 190 to 450
-=-7millimicrons (mM*, 10 cm) in a Unicam SP. 800 ultraviolet 
spectrophotometer of the double beam in time type xtfhich 
used the optical null principle. This was equipped with 
two light sources, the first being a deuterium arc which 
covered the range 190 to 370 m m  the second, a tungsten 
filament lamp, covered the range 370 to 450 m m  This 
primary light was passed through a monochromator of a 
modified Littrow type which was scanned linearly in wave­
length by a cam and lever mechanism which turned its 
prism. The light beam was then switched alternately 
through a sample and a reference cell by a rotating sector
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mirror and detected by a photomultiplier. These cells 
were of equal length and made of silica. The sample cell 
was filled with nital, the reference cell with absolute 
alcohol. Attenuators in the form of combs were mounted 
in both the sample and reference beams and on a single 
trolley which a servo-mechanism moved in such a way that 
the two beam intensities were equalized at the photomulti­
plier. The comb trolley drove a pen and the prism cam a 
chart carriage so that the spectrophotometer could display 
the results of its examination in the form of a graph of 
absorbance versus wavelength.
The absorption of light energy in the infrared region 
takes place at a molecular level. The various stretching 
and bending vibrations of the chemical bonds in a molecule 
occur at certain quantized frequencies. When infrared 
light of one of these frequencies is incident oji the mole­
cule, energy is absorbed and the amplitude of that vibra­
tion increased. The absorption produced by the nital 
solutions was examined over the wavelength range 2 to 1504- 
microns (p, lCT^cm), 5000 to 650 cm”1 , in a Unicam SP. 200 
infrared spectrophotometer of the double beam in time type 
which used the optical null principle. This was equipped 
with a Nernst filament light source whose beam was split 
by mirrors and could be passed through sample and refer­
ence cellso In the present work the sample cell had 
silver chloride windows, was demountable, of adjustable
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path length and filled with nital and a reference cell 
was not used, A rotating sector mirror then switched 
the sample and reference beams alternately through a mono­
chromator of a Littrow type which was scanned linearly in wave 
number by a cam and lever mechanism which operated on its 
mirror. The light from this was detected by a Golay cell 
and an attenuator in the form of a comb mounted in the 
reference beam was moved by a servo-mechanism in such a 
way that the two beam intensities were equalized at the 
Golay cell. The comb drove a pen and the Littrow mirror 
cam a chart carriage so that the spectrophotometer could 
display the results of its examination in the form of a 
graph transmittance versus wave number.
The absorption of electromagnetic energy in the radio­
frequency region by organic compounds takes place at a 
nuclear level. In an applied external magnetic field 
the precessional frequency of a magnetic nucleus is dir­
ectly dependent on the strength of this field. Absorp­
tion of electromagnetic radiation by the nucleus will 
occur when the frequency of a rotating magnetic field per­
pendicular to the external field reaches the precessional 
frequency of the nucleus. The absorption produced by 
solutions was examined in a Perkin-Elmer RIO nuclear 
magnetic resonance, N.M.R®, spectrometer. About 0,4 ml 
of the solution to be examined was placed in a precision 
tube of 4 mm outside diameter and length 15 cm. The tube
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was then fitted with a turbine and placed between the pole 
faces of a permanent magnet which produced a magnetic
o
field of about 14,000 gauss, uniform to 1 part in 10 , 
over a 1 cm length of the solution® Around the tube over 
this length was situated a radio-frequency coil which was 
connected to a bridge circuit and served as both a trans­
mitter and a receiver of the 60 Mc/s fixed frequency with 
which it was supplied® The tube was spun by an air blast 
at 1,500 r 0pom<> to maximize the resolution of the instru­
ment and nuclear resonance conditions were achieved by 
sweeping the strength of the magnetic field through 
10 p.p.m. by means of auxiliary coils wound on the magnet's 
pole pieces® The bridge circuit was arranged to give an 
output only when resonance occurred and the results of tho 
instrument's examination were displayed in the form of a 
graph of absorbance versus applied field at fixed frequency®
The scattering of light energy in the visible region 
by an optically transparent medium involves collisions 
between the incident light photons and the medium's mol­
ecules® If such collisions are elastic an incident 
photon's direction will be changed but its energy, and 
thus frequency, will remain unchanged® This is termed 
Rayleigh scattering® If such collisions are inelastic 
they may be either of the type where an incident photon 
raises a ground state molecule to an excited state and 
thereby lowers its own energy, and thus frequency, or of
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the type where an incident photon's frequency is raised 
by the donation of energy from an excited molecule. This 
is termed Raman scattering. Hence, the spectrum of 
scattered light shows three types of lines, an intense 
Rayleigh line and two weaker lines due to Raman scat­
tering. The latter lines, one on each side of the Ray­
leigh line, are termed the Stokes and anti-Stokes lines. 
Stokes lines are produced by the collisions between photons 
and ground state molecules, anti-Stokes lines by the 
collisions between photons and excited molecules. Since 
at the usual temperatures of observation the populations 
of excited levels are less than that of the ground level, 
Stokes lines are more intense than anti-Stokes lines and 
consequently Raman spectrophotometers are designed to 
detect the former.
The Raman scattering produced by solutions was exam­
ined over the wave number range 200 to 3500 cm”1 from 
the Rayleigh line in a Cary 81 Raman spectrophotometer0 
This was equipped with a Toronto mercury arc light source 
in the form of a horizontal helix. The solution to be 
examined was placed in a glass tube which had one optically 
flat end, an illuminated length of 20 cm and a volume of 
5 ml. This tube was mounted on the helix axis and be­
tween it and the arc was situated a blue solution filter 
which ensured that the tube was illuminated principally 
by the blue, 4358 A0 , mercury exciting line. The scat­
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tered light which passed through the optically flat end of 
the tube was condensed and then passed through a two- 
grating twin-slit double monochromator, collimated by 
mirrors in the Czerny-Littrow arrangement, whose gratings 
were scanned linearly in wave number. The light from 
this was detected by a double photomultiplier system and 
the spectrophotometer displayed the results of its examin­
ation in the form of a graph of the scattered light inten­
sity versus the displacement of this light, in wave numbers, 
from the exciting line,
3-5 Possible Ions Present in Fresh Nital Solutions
Lee (78) suggested that the nital solutions, solutions 
of nitric acid, HNO^, in ethanol, C^H^OH, could contain 
not only undissociated nitric acid and undissociated eth­
anol but ions formed by the dissociation of both nitric 
acid and ethanol# It is known (77) that pure nitric acid 
exhibits a self'-dissociation which takes the form
2HN0j *=* N02+ + NO," + H20
and that in more dilute solutions the water formed by this 
dissociation reacts with the nitric acid according to the 
equilibrium
HN05 + H20 ;?=* U03” + H,0+
to give, by addition, an overall self-dissociation which 
takes the form
3HN0, ^  2N0 “ + N0o+ + H,0+
O 3 2 3 .
It is also known (81) that ethanol dissociates very sligh­
tly according to the equilibrium
CgH^OH v=* CgH^O- + H+ »
Lee suggested that the nital solutions might contain these 
dissociation ions and in addition, since the yellow fuming 
nitric acid commonly used to make the nital solutions was 
known to contain water and j>T02 , Section 3»2, the solutions 
might also contain water and molecular 1I02 and the ions 
produced by the known dissociation of NC>2 (77) 9 namely
v = i 2W0p ?=* NO+ + N O ,",
Buist (82) pointed out that acidified ethanol is known to 
exhibit rapid chemical exchange, proton transfer, (79) and 
Section 3<>5*2, and suggested that when ethanol was acidi­
fied with nitric acid such a chemical exchange might dis­
sociate the nitric acid according to the proton transfer 
equilibrium
HNOj + CgH^OH ?=± C2H5OH2+ + NO," 
and that the nital solutions might also contain these ions.
The possible presence of these dissociation ions in 
the nital solutions made these apparently simple two-com­
ponent solutions potentially very complicated and the 
foregoing suggested dissociations were borne in mind when 
the results obtained ±n the following sections were
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3*5*1 The Results from the Electrical Methods
Badrick examined the nital solutions with the three 
electrical methods and the results quoted here are those 
conveyed by him (83) and Lee (78).
The measured electrical conductivities of fresh 20°/b 
and 1 ^ 6  nital solutions were lower than those of corres­
ponding 2 0 (/ 6  and l ^  aqueous solutions of nitric acid, in 
which nitric acid is known to be about 60C/6 and entirely 
dissociated respectively according to the equilibrium (7 7 )
HNCU + H n0 NO-,” + E UO+ «
These results indicated that there was a lower level of 
nitric acid dissociation in the alcoholic nital solutions 
than in aqueous solutions® As the results from the other 
methods of chemical examination used indicated that the 
only dissociation process which operated in l °/6 nital was 
the proton transfer one, Section 3®5, and as the mobili­
ties in alcohol of the possible ions present in the nital 
solutions were available (8 4 ), these mobilities were com­
bined with the measured conductivity of l ^  nital to give 
the concentration of ions present in this solution. The 
calculations made showed that in l ^  nital about 9 6 </6 of 
the nitric acid was present in undissociated form, the 
remaining 4 </ 6  being dissociated according to the proton 
transfer equilibrium
i n t e r p r e t e d .
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H N 0 ? + CgH^OH ;==£ CgH^OHg' + N0,“ .
From this work the equilibrium constant, K-^, for proton­
ation was determined but when this was applied to the 2 0 $ 6  
nital conductivity result it was found that, with constancy 
of ILp proton transfer alone could not account for all the 
ions which the measured conductivity of 2 0 ° / 6  nital indi­
cated were present in this solution® Hence it was ne c ­
essary to postulate the presence of a second source of ions 
in 20(/6 nital® Lee suggested that this was most likely 
to be provided by the self-dissociation of nitric acid, 
Section 3 ®5 ? and calculations based on this assumption 
showed that in 2 0 </ 6  nital about 7 7 ° / 6  of the nitric acid 
was present in undissociated form, about l °/6 was dissoci­
ated according to the proton transfer equilibrium and the 
remaining 2 2 ° / 6  was dissociated according to the nitric 
acid self-dissociation equilibrium
3HNC>5  safe 2N05" + N02+ + H 5 0 + „
Lee suggested that if the nital solutions contained 
the dissociation ion their electrolysis should p r o ­
duce the reaction
N 0 p + + e — > N 0 2
at the cell cathode, around which the NO^ would produce a 
yellow coloration. Further, if they contained the dis­
sociation ion N0^~, Lee suggested their electrolysis could 
produce the reaction
NO,” — > N 0 2+ + 2e + |02T
at the cell anode, at which oxygen would be liberated? 
the produced causing additional coloration at the
cell cathode. Alternatively the reaction
NO-* — N O 2 4* e 4-
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could occur at the anode, at which again oxygen would he 
liberated and around which the NC>2 would produce a yellow 
coloration® All these electrode reactions have been ob­
served in the electrolysis of nitric acid (7 7 ).
Badrick found that the electrolysis of both the 20°fo 
and 1 °% nital solutions produced no detectable coloration 
around either electrode and no gas evolution at the cell 
anode® However, in both nital solutions he did detect 
slight gas evolution at the cell cathode. Thus the con­
ductivity results indicated that the ion NC>2+ was present 
in 2 0 </ 6  nital and that the ion NO^"" was present in both 
2 0 *%* and l°/6 nital and yet electrolysis seemed to deny the 
presence of both ions®
This apparent conflict was resolved (78) when all the 
possible discharge processes at the cathode were consider­
ed® The nitric acid self-dissociation and the proton 
transfer equilibria produced in 2 0 </ 6  nital three positive 
ions, NC>2 + , H^O* and C^H^OH^*, which could have been dis­
charged at the cathode® Since this was not surrounded 
by a coloration, it was concluded that N 0 2+ was not being 
preferentially discharged at the cathode and that the gas 
observed here could have been the hydrogen produced by 
the discharge of either H^O* or G 2 H^ 0 H 2+ according to the 
reactions
H , 0 + + e — 9 H 20 + 1/2H2T
and C 2 H 5 0 H 2+ + e — => CgH^OH + ft lift.
However, since the discharge potentials of these two ions 
in the nital nitric acid-ethanol media are not known, it 
could not he said which was being preferentially discharg­
ed. As N0^~ was the only negative ion produced in 20 °/6 
nital by the dissociation equilibria it was clear that it 
must have been discharged by a mechanism other than the 
two initially proposed, since both a coloration and gas 
evolution were absent at the anode. It was presumed, 
therefore, that was discharged according to the
reaction
NO “ — * N 0 2+ + 2e + 0
to produce , which would not be discharged at the
cathode, and nascent oxygen which would not be liberated 
as a gas but which would react with the alcohol to produce 
acetaldehyde and water according to the reaction
C2H50H + 0  — i> CHjCHO + H2 0 .
In l°/b nital the presence of only the proton transfer 
dissociation process meant that this solution contained 
only two ions, C 2 H^0H2+ and That these were both
discharged at the electrodes according to the reactions 
given above is consistent with the observations made 
during the electrolysis of l°/b nital.
The measured pH values of both 20^6 and 1 °/b nital 
were negative* This indicated that the pH electrode
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which was available for these .measurements, though suitable 
for aqueous solutions, was not suitable for alcoholic 
solutions# As the cell electrode sealed by a thin-walled 
glass envelope had been constructed to be reversible to 
hydrogen ions, Section 3°4»1? and as in the nital solutions 
the positive ion which would have been discharged at this 
electrode was the larger ion C^H^OH^*? it was considered 
that meaningful pH values were not obtained with this cell 
because this electrode was not reversible to the larger 
ion#
3•5.2 The Results from the Sp ectroscopic Methods
When l°/6 nital was examined in the ultraviolet region 
in 1  cm cells an absorption peak at 2 7 0  mp was found and 
very small peaks seemed to be present at wavelengths of 
about 345? 357? 373 and 392 mp# These four peaks were 
made much more evident by examining l °/6 nital with an 
ultraviolet spectrophotometer equipped with a linear 
transmission scale, a Unicam SP. 700, and 10 cm cells# 
Their presence at 3 ^ 6 , 358, 372 and 390 mp was confirmed® 
The peak at 270 mp was deduced to be a well documented 
pure nitric acid peak at 257 mp solvent-shifted by the 
alcohol# None of the four small peaks could be identi­
fied as nitric acid or alcohol peaks and as they were not 
found in the ultraviolet spectrum of 1 $ 6  nital made with 
1 0 0 pure nitric acid? they were considered to be due to
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impurities in the AnalaR acid, Section 3.2. They cer­
tainly did not play a detectable role in the dislocation 
etching reaction, Section 3 ® H «
“When 2 0 %  nital was examined in the ultraviolet 
region in 0 . 5  mm cells its spectrum was found to be quali­
tatively the same as that of 1 %  nital in the 1  cm cells. 
At first this result was interpreted as indicating that 
the ultraviolet spectrophotometer used was insufficiently 
sensitive to detect the amount of dissociated ions which 
were present in 2 0 %  nital. Yet this conclusion was 
surprising, since the conductivity result indicated that 
about 2 3 %  of the nitric acid in 2 0 %  nital was dissocia­
ted, an amount which should have been easily detectable 
by the ultraviolet technique. Consequently, with the 
knowledge, gained from published spectra, that the 
ion shows a peak at about 3 0 0  mu and that the N C 2+ ion 
peak rises sharply below 3 0 0  mu, further work was carried 
out to resolve this discrepancy (82, 83). The 20°/6 and 
1 %  nital spectra were superimposed and it was observed 
that the high wavelength side of the 2 0 %  nital 2 7 0  mu 
nitric acid peak lay above the corresponding portion of 
the 1 %  nital 270 mu peak. When a difference curve was 
constructed over this region it was found to peak at about
3 0 0  mu and thus indicated that more ion was present
c oin 20/6 nital than 1/6 nital. However, on the low wave­
length side of the 270 mu nitric acid peak the curves were
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identical, a result which indicated that there was no de­
tectable in 2 0 %  nital and was confirmed by the lack
of a sharp rise in the 2 0 %  nital spectrum below 3 0 0  mp. 
Further proof of the absence of any detectable N O ^  in 
the spectrum of 2 0 %  nital was obtained by adding water 
to this solution. If water is added to such a solution 
it is to be expected that more protonation will occur, 
and hence more N O ^ ” will be formed, and that all the N 0 2+ 
present will disappear according to the equilibria
H 20 + .N02+ *=£ H + + UNO, 2H+ + NO^- .
When the spectra of 20/6 nital solutions adulterated with 
5 %  and 1 0 %  water were examined, the 2 7 0  mp nitric acid 
peak was seen to have been shifted towards 3 0 0  mp, indi­
cating the anticipated increase in the N 0 j~ concentration, 
but below this peak no modification had occurred, which 
was interpreted as suggesting that 2 0 %  nital contained 
no detectable N 0 2+ .
Thus the results of the examination of 2 0 %  nital in 
the ultraviolet region contradicted those of the conduc­
tivity measurement. From the latter it had been conclud­
ed that N 0 2* ions were present in 2 0 %  nital in a concen­
tration sufficiently high to be detectable by the ultra­
violet technique and yet this technique had not detected 
the presence of N 0 2%  Although the examination of 1 %  
nital in the ultraviolet region did not reveal this sol­
ution to contain dissociated nitric acid but rather revealed
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this to he a solution of undissociated nitric acid in 
ethanol, it is important to point out that this result did 
not contradict the conclusions drawn from the l °/6 nital 
conductivity result.
The infrared spectrophotometer was first used to ex­
amine the spectra of both the absolute alcohol and the 
AnalaR fuming nitric acid separately and the peaks produced 
in these spectra were compared with the peaks in published 
spectra of pure nitric acid and ethanol (85). All the 
peaks produced could be correlated with peaks in the pub­
lished spectra and no additional peaks were found. These 
two spectra were then used to identify the absorption 
peaks in a spectrum of 2 0 %  nital in which, with one excep­
tion, all the peaks could be identified as ethanol or sol­
vent-shifted nitric acid peaks. The exception was a
•»
peak which appeared at 6 9 0  cm~ in the 2 0 %  nital spectrum
but in neither the nitric acid nor alcohol spectra. A
second anomaly was provided by a peak which appeared at 
-1
1 9 2 0  cm in the alcohol spectrum but which was absent 
from the 2 0 %  nital spectrum. No conclusive explanations 
can be offered for these anomalies. The infrared tech­
nique is not very sensitive to the presence of small 
additions of substances but nevertheless, it is considered 
that it should have been capable of detecting N 0 ^~ and
4* « ON O 2 ions present at the levels indicated by the 2 0  /6  
nital conductivity result. In the infrared region the
N O , ” peaks appear at 692, 831 and 1405 cm”1 , the N02+ at 667 
«L.and 2 3 6 0  cm”” and in the 2 0 %  nital spectrum N 0 ^~ was detect­
able as a shoulder on a nitric acid peak which appeared at
-1  +810 cm » Although the NO^ peak coincides with the absorp­
tion produced by atmospheric CO^ it is considered that if
aj, O
NO^ was present in an appreciable amount in 2 0  /6 nital it 
should have been detected® That an N 0 2+ peak was not detec­
ted confirmed the results of the examination of 2 0 %  nital in 
the ultraviolet region and gave a further indication that the 
conclusions drawn from the 2 0 %  nital conductivity result 
were incorrect*
When 1 %  nital was examined in the infrared region and 
its spectrum compared with that of alcohol it showed only two 
additional peaks, both of which were identified as solvent- 
shifted nitric acid peaks* Although this examination did not 
reveal 1 %  nital to contain dissociated nitric acid this re­
sult did not contradict the conclusions drawn from the 1 %  
nital conductivity result*
The high resolution spectrum of the absolute
alcohol was obtained first and is shown in Fig. 3®lo This 
shows three multiplet absorption peaks which correspond to the 
absorption of energy by the hydroxyl protons, -OH, methylene 
protons, -CHg-? and methyl protons, -GH^, in pure, neat ethanol, 
CHj-CH^-OH. It is known that for ethanol, in a given period 
of time, a single hydroxyl proton may be attached to a number 
of different ethyl alcohol molecules and the terms chemical
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exchange or proton transfer are used to describe this process 
(79)® If the rate of chemical exchange is slow, and this is 
known to be the case for pure ethanol, multiplicity of the 
hydroxyl proton signal should be observed. Hence, since the 
observed hydroxyl proton signal was a triplet, it was concluded 
that the absolute alcohol used to make the nital solutions 
was pure and in particular contained a very small amount of 
water and acidic impurities®
The high resolution N.M.R, spectrum of 1 %  nital is shown 
in Eig* 3®2. This shows that the addition of the nitric acid 
has not changed the methyl absorption but has reduced the 
multiplicity of the methylene absorption and changed the hydro­
xyl triplet into a singlet* Erora these changes it was deduced 
that in 1 %  nital the rate of chemical exchange was rapid.
Thus, in a given period of time, a particular proton was attach­
ed to many different ethyl alcohol molecules and this process
resulted in both the reduction of the methylene absorption 
multiplicity and the degeneration of the hydroxyl triplet into 
a singlet* This detection of a rapid chemical exchange led 
to the conclusion that N.M.R. spectroscopy revealed 1 %  nital 
as basically a solution of undissociated nitric acid in ethanol 
but one in which the acid maintained a rapid proton transfer 
between the nitric acid and ethanol molecules according to 
the equilibrium
+
CHjCHgOH + HNOj ^  CH 5 CH 2 OH 2  + N 0 5~ 
the position of equilibrium lying far over to the left*
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This conclusion was in excellent qualitative agreement 
with the conclusions drawn from the 1 %  nital conductivity 
result o
The Raman spectrophotometer was first used to examine 
the spectra of both the absolute alcohol and nitric acid 
separately. It was found that a spectrum of the yellow 
AnalaR nitric acid could not be obtained because its 
colour prevented the transmission of blue light, Conse­
quently the spectrum of the colourless 1 0 0 %  nitric acid 
was obtained® All the scattered light peaks detected in 
these spectra could be correlated with peaks in the p u b ­
lished spectra of ethanol and pure nitric acid (8 6 ) and no 
additional peaks were found. These two spectra were then 
used to identify the peaks in the spectra of two samples 
of 2 0 %  nital, one made with the AnalaR and the other with 
the pure nitric acid® There was no difference between 
these two nital spectra and all the peaks in them could be 
identified as ethanol or nitric acid peaks. When 1 %  
nital solutions were prepared from these 2 0 %  solutions 
and their spectra obtained all the peaks in these could be 
identified as alcohol peaks, from which it was concluded 
that the concentration of nitric acid in 1 %  nital was 
not sufficiently high to promote any detectable scattering.
Although the results gained from Raman spectroscopy 
did not show the nital solutions to contain dissociated 
nitric acid and revealed only 2 0 %  nital as a solution of
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undissociated nitric acid in ethanol, it is important to point 
out that the results gained from the Raman technique did not 
contradict the conclusions drawn from the conductivity results®
3*5.3 The Proposed Compositions of Fresh Nital Solutions
A series of fresh 2 0 %  and 1 %  nital solutions was p r e ­
pared using the same AnalaR absolute alcohol but three differ­
ent types of fuming nitric acid. These were the 1 0 0 %  pure
and the 9 5 %  yellow AnalaR fuming nitric acid and a commercial
fuming nitric acid, obtained from Berk Spencer Acids Ltd., 
London, which was less yellow than the AnalaR acid and con­
tained at least 9 6 %  HNO^o When these solutions were exam­
ined by the electrical conductivity and infrared spectroscopy 
methods, very little difference between the 2 0 %  nital solu­
tions and very little difference between the 1 %  nital solu­
tions was detected* From these results it was deduced that
the chemical compositions of the nital solutions did not 
depend markedly on the purity of the fuming nitric acid used 
to prepare these solutions and consequently, it was proposed 
that the results obtained in Sections 3*5.1 and 3*5*2 could 
be used to characterize the compositions of the 2 0 %  and 1 %  
nital solutions used during the course of the work presented 
in this thesis*
In 2 0 %  nital the conductivity measurement had led to 
the conclusion that most of the nitric acid was present in 
undissociated form but that 2 2 %  was dissociated according 
to the nitric acid self-dissociation equilibrium
However, the ultraviolet and infrared examinations of this 
solution had failed to detect the presence of H 0 2+ which, 
if self-dissociation was present in 2 0 %  nital, should 
have been present in a concentration sufficiently high to 
be detectable by these techniques, particularly the ultra­
violet. Consequently, it had to be concluded that as 
N 0 2+ appeared not to exist in 2 0 %  nital, that this solu­
tion did not contain nitric acid dissociated according to 
the above equilibrium. However, the conductivity measure­
ment indicated that in this solution there existed a source 
of ions which was capable of producing more ions than could 
be supplied by the dissociation of the nitric acid accord­
ing to the proton transfer equilibrium
HNC>5 + C 2 H 5OH G 2 H 5 0H2+ + NO "
when the amount of dissociation by this mechanism was de­
termined by the equilibrium constant , Section 3»5*1*
If ions in 2 0 %  nital were not being produced by the self­
dissociation of the nitric acid, it had to be concluded 
that they were all being produced by protonation, since 
this was the only other source of ions known to exist in 
the nital solutions. Calculations based on this assump­
tion showed that, in 2 0 %  nital, 8 %  of the nitric acid 
was dissociated according to the proton transfer equilib­
rium but required that in this solution the equilibrium
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was 1 0 0  times the equilibrium constant controlling
dissociation by protonation in 1 %  nital, a result which, 
though surprising, is not impossible. Consequently it 
is proposed that 2 0 %  nital is a solution of nitric acid 
in ethanol in which about 9 2 %  of the nitric acid is u n ­
dissociated, the remaining 8 %  being dissociated according 
to the proton transfer equilibrium
HNO^ + CgH^OH C2H 50H2+ + NO,"
a composition consistent with all the results of the exam­
inations made of this solution#
In 1 %  nital the conductivity measurement had led 
to the conclusion that most of the nitric acid was present 
in undissociated form but that 4 %  was dissociated by the 
proton transfer mechanism# Qualitatively this conclusion 
had been confirmed by the N.M.R. examination which had 
revealed that proton transfer did take place in 1 %  nital 
and none of the remaining methods used to examine this 
solution had contradicted this conclusion. Consequently 
it is proposed that 1 %  nital is a solution of nitric acid 
in ethanol in which about 9 6 %  of the nitric acid is u n ­
dissociated, the remaining 4 %  being dissociated according 
to the proton transfer equilibrium
HNOj + C 2H 5OH ^  C2H 50H2+ + NO,"
a composition consistent with all the results of the exam-
constant, controlling the dissociation by protonation
3*6 The Proposed Compositions of Old Nital Solutions
Some of the observed properties of the nital solutions, 
Section 3*3* seemed to indicate that 2 0 %  nital was a 
chemically unstable solution but that 1 %  nital was essen­
tially stable* To elucidate the behaviour of both solu­
tions with time their electrical conductivities were 
measured over a period of several weeks and it was found 
that the conductivity of 2 0 %  nital decreased markedly 
and that of 1 %  nital remained essentially constant over 
this period (8 3 ).
The 2 0 %  nital result indicated that this solution 
was in fact chemically unstable and with increasing age 
suffered a depletion of its ionic content. This, coupled 
with the observed aging properties of the development of 
a yellow coloration and a sweet smell, characteristics of 
the presence of N 0 2 and acetaldehyde, OH^GHO, respectively, 
led to the suggestion (7 8 ) that 2 0 %  nital might suffer 
from a slow molecular decomposition which took the form
2HN0 ^  + C2H 50H ~~~> CHjCHO + 2N02 + 2H20.
The presence of this decomposition process in aging 2 0 %  nital 
was confirmed by the changes observed in this solution's in­
frared spectrum over a period of several weeks. These 
showed that as 2 0 %  nital aged the peaks attributable to 
nitric acid disappeared and among the remaining alcohol
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inations made of this solution.
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peaks new peaks appeared. One of these was unequivocally 
identified from a reference spectrum of acetaldehyde (85) 
as being due to CH^CHO® Consequently it is proposed 
that as 2 0 %  nital ages this slow molecular reaction super­
sedes the proton transfer equilibrium present in the fresh 
solution. Section 3.5®3? and, by reducing the amount of 
molecular nitric acid available, depletes the ionic con­
tent of fresh 2 0 %  nital® As the reaction proceeds the 
acetaldehyde produced gives the aging nital its sweet 
smell and the N 0 2 imparts the yellow coloration. The 
reaction ceases when all the nitric acid present in the 
solution has decomposed, at which stage the production 
of N 0 2  is stopped and as a result the solution reverts to 
being water-white, Section 3*3»
The 1 %  nital conductivity result indicated that this 
solution was in fact essentially stable over a period of 
several weeks and this was confirmed by the absence of any 
change in the solution's infrared spectrum over the same 
period®
3 o7 The Observed Properties of the Nital Solutions
Explained
If chemical solutions are mixed together it is pos­
sible for the energy of the resultant system to be lowered 
by the formation of intermolecular bonds between molecules 
which were not available to each other before mixing®
The excess energy is usually released in the form of heat
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which classifies the mixing as exothermic. It is consid­
ered that the heat liberated during the preparation of 
2 0 %  nital, Section 3#2, resulted from the formation of 
such bonds between the nitric acid and ethanol molecules. 
Although, when the formation of intermolecular bonds has 
been completed, a given bonded pair of nitric acid and 
ethanol molecules do not then necessarily remain perman­
ently linked in this way, but rather the nital solution 
contains bonds in a state of dynamic equilibrium which is 
energetically conservative, this equilibrium is quite 
different from the energetically conservative equilibrium 
of the proton transfer also present in 2 0 %  nital, Section 
3 ®5®3 ® The former takes place between molecules which 
remain undissociated but linked by dipolar attraction and 
involves overall interaction energies greater than those 
involved in the proton transfer which produces dissociated 
molecules®
Though often prepared from quite yellow fuming nitric 
acid, 2 0 %  nital was always water-white, Section 3«5» As 
the NO^ responsible for the a c i d ’s colour, Section 3*2, 
was not evolved during the mixing of the nital, it is con­
sidered that in the presence of the alcohol-nitric acid 
mixture the NO^ was dissociated according to the equili­
brium, Section 3-5,
N 2 0 4  2N0 2 N0+ + NO,"
not to the left, which occurs at low temperatures, but to
the right, both N 0 + and being colourless. The re­
maining properties of 2 0 %  nital, its pungent smell, due 
to the fuming nitric acid, and its decomposition are ex­
plained by the proposed compositions of both fresh and old 
2 0 %  nital solutions, Sections 3 *5 . 3  and 3 *6 .
With the exception of the unreliability of its p e r ­
formance as a dislocation etch, the observed properties of 
1 %  nital, Section 3*3? are explained by the proposed u n ­
changing composition of this solution, Section 3*6. This 
remaining property was made the subject of a further in­
vestigation, Section 3.9*
3  ® 8  The Characteristics of the Cadmium-Nital Dissolution 
Reactions
Fresh 2 0 %  nital removed cadmium from a plane crystal 
surface at a rate of 12 m */min along the surface normal.
The only observable effects of the dissolution reaction 
were the evolution of a colourless gas and the formation 
close to the crystal of a liquid of greater density than 
the nital. From these observations and the proposed 
composition of fresh 2 0 %  nital it is considered that the 
dissolution reaction which takes place during the polish­
ing of cadmium with 2 0 %  nital is either
Cd + 2HN0, — ■¥ Cd(N0 5 ) 2  + Hgf
Fresh 1 %  nital removed cadmium from a plane crystal sur­
face at a rate of 12p/hr along the surface normal® Thus, 
acting as a dislocation etch, 1 %  nital was a preferential 
polish which removed cadmium at a faster rate at dislocation 
sites than over their surrounding dislocation-free environment® 
During etching the only observable effect of the dissolution 
reaction was the formation close to the crystal of a liquid 
of greater density than the nital, the evolution of a gas could 
not be detected® From these observations and the proposed 
composition of 1 %  nital no explanation can be given for this 
solution's ability to act as a dislocation etch, though it is 
considered that the dissolution reaction which is responsible 
for 1 %  nital removing cadmium from etched crystals is one of 
those given above for 2 0 %  nital®
3«9 The Crystal Orientation Dependence for Reliable 
Etching
The work of the previous sections, though elucidating 
the composition of 1 %  nital, did not reveal any detect­
able contaminants in this solution bar those found with 
the ultraviolet method and t h e s e , ascribed to the AnalaR 
fuming nitric acid, were shown to be unimportant during 
dislocation etching. Section 3*11- Thus the solution 
effect, Section 1.5®1, which it had been proposed might 
be responsible for 1 %  n i t a l 's unreliable behaviour as a 
dislocation etch, was eliminated® Consequently the cry­
stal effect proposed in this same section was investigated
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by etching as-grown crystals whose edge faces were misor- 
iented from the (1 0 X0 ) plane by known amounts, Section 2.4*
Each of a series of 1 cm long crystals was polished 
in fresh 2 0 %  nital for 2  min then thoroughly washed in 
alcohol and dried in a cold air stream. It was then 
placed in a petrie dish with a (lOlO) face uppermost and 
horizontal and etched for 3 0  min in 25 ml of fresh 1 %  
nital which covered this face to a depth of 5 mm. After 
etching, the crystal was thoroughly washed several times 
in alcohol before being rinsed in petroleum ether and 
dried in a cold air stream® The quality of the disloca­
tion etching produced on the (lOlO) face was then examined 
by eye and in an optical microscope at a magnification of 
xlQOQ®
These experiments showed that provided the etched 
face was misoriented from (lOlO) by less than 1°, the etch 
pits produced were always well defined, resided in a 
smooth, unetched background and were of uniform size, 
being boat-shaped and 3 U long by l\x across, Fig. 3 ® 3 ® 
However, it was found that as the misorientation of the 
etched face from (lOlO) increased from 1° through 2° to 3°, 
an examination of this face by eye indicated that the 
specular surface which had been produced by the 2 0 %  nital 
polish was covered with what appeared to be a white stain® 
In the microscope this stain was revealed as a general 
surface etch which formed the background in which the etch
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pits resided and thus caused a deterioration in their vis­
ibility* It was observed that as the etched face mis­
orientation increased from 1 °, not only did this surface 
etch become more marked but the etch pits themselves b e ­
came generally longer and less uniform in size* At a
*1
misorientation of 1  ft0 this led to some uncertainty in 
picking out all etch pits in a given area, Fig. 3*4-9 and
at a misorientation of 3 ° etch pits could hardly be
identified at all, Fig* 3*5*
From these experiments it was concluded that the dif­
ficulty Blasdale had experienced in making the 1 %  nital 
dislocation etch repeatedly produce well defined etch pits 
residing in a smooth unetched background, Section 1.5.1, 
had been due not to his use of a 1 %  nital solution of 
variable composition but his use of square section crystals 
whose edge faces were misoriented from the (lOlO) plane 
by a variable and insufficiently well-defined angle. The 
results of these experiments dictated that if satisfactory 
dislocation etching was to be achieved the crystals used 
should have edge faces misoriented from (lOlO) by a maxi­
mum of 1 °* Consequently all the dislocation etching 
subsequently carried out in this thesis was performed on 
crystals which complied with this dictate. The necessity 
of using crystals of such close tolerance orientation vin­
dicated the development of the vertical crystal growing 
technique. Chapter 2, and demonstrated the greater ease
-  90 -
with which etch pits may be produced on other commonly 
etched metals whose exposed etchable faces can usually be 
misoriented by 3 ° or more (28, 5 7 , 5 8 , 60, 8 7 ),
3*10 The V ersatility of the Nital Solutions
Fresh 2 0 %  nital is not only an excellent chemical 
polish for cadmium but can be used over a wide temperature 
range as an electropolish® It has been used as such over 
the range 0 ° to 25°C to produce on bulk crystals better 
specular surfaces than attainable with the 2 0 %  nital 
chemical polish® The polishing cell employed was a stain­
less steel beaker, whioh acted as a cathode, the best sur­
faces being achieved after polishing for a few minutes at 
an applied d ® c 0 voltage of 6  to 10 V and with a current 
density at the specimen surface of about 0.2 A/sq cm® The 
same cell, containing 2 0 %  nital cooled to -50° to ~ 7 0 °C, 
has also been used to produce the final polish on poly­
crystalline cadmium foils prepared for transmission elec­
tron microscopy, Appendix 3*
1 %  nital has also been applied to the (1 1 2 0 ) and
(0 0 0 1 ) planes of cadmium® These were exposed to within 
+1 o- /2 by spark slicing as-grown crystals with a fixed tung­
sten wire of diameter ®002" on the spark machine's Range 7> 
Section 4.2, the crystals being mounted in the manner des- 
scribed in Appendix 3® The results of etching these 
planes for periods of up to an hour in the manner described
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in Section 3®9 were that whereas only surface etching was 
produced on the (1 1 2 0 ) plane, etching figures were produced 
on the (0001) plane. These, Fig* 3*6, were hexagonal in 
shape and so oriented that each had two sides parallel to 
the [12103 direction. Clearly these etching figures merit 
further investigation and might prove to he dislocation 
etch pits.
3*11 An Attempt to Elucidate the Fundamental Mechanism
of Dislocation Etching      ..
When producing dislocation etch pits on the (1 0 1 0 ) 
plane of cadmium, 1 %  nital acts as a preferential polish 
which removes cadmium at a faster rate at dislocation 
sites than over their surrounding dislocation-free environ­
ment, Section 3*8* Consequently, during the dissolution 
of this plane 1 %  nital must he capable of sustaining two 
processes, namely, one which, is responsible for the gross 
removal of material from the crystallographic lattice and 
a second which is responsible for the formation of pits at 
dislocation sites.
The growth and dissolution of a crystal are thought 
to occur by the advance and retreat of monomolecular 
steps across the surfaces of the crystal (8 8 ), the active 
sites being considered to be those places along the steps 
where single molecular rows end. These places, called 
’k i n k s ’, are thought to be those inhere individual molecules
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can be deposited or removed. Dislocation etching is 
thought to be initiated by the formation of ’unit p i t s ’ 
one molecule in depth at dislocation sites. It is con­
sidered that the preferential nucleation of such pits at 
these sites, rather than at others in the crystallographic 
plane which it is found must be exposed for successful 
dislocation etching, is due to the localized excess energy 
which is associated with each dislocation. This energy 
is thought to comprise not only the dislocation's core 
energy but part of its total elastic strain energy (60,
75, 89).
Once a unit pit is formed at a dislocation site it 
is considered that the steps associated with it will move 
rapidly across the crystal surface away from the disloca­
tion site as crystal molecules at kinks in the steps are 
transferred into the dislocation etch by the dissolution 
reaction* This results in the re-exposure to the etch of 
the site where the dislocation intersects the plane crystal 
surface and it is considered that it is the repeated n u ­
cleation of unit pits at this site which is responsible 
for the formation of an etch pit at a dislocation.
However, etch pits at dislocation sites cannot be used 
as an experimental tool unless they are visible and the 
formation of visible pits depends both on the rate of nucle­
ation of unit pits and the rate at which steps retreat from
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the dislocation sites® If a pit is to become large enough 
to be observed microscopically it is necessary that many 
unit pits be nucleated at a dislocation site before the 
first steps have moved very far from this their source®
It is thought that this can be achieved only if the disloc­
ation etch contains a 'poison 1 whose time-dependent absorp­
tion at kinks inhibits the movement of steps by preferenti­
ally retarding the leading steps (9 0 )®
Thus the ability of a particular solution to act as a 
dislocation etch on a orystallographic plane of a given 
crystal can be explained only if the crystal-solution dis­
solution reaction can be identified and the poison in the 
solution found® Gilman et al® (7 5 ) were Able to do this 
in the case of their etch "V" for the ionic lithium fluoride 
by showing that in this dislocation etch, an aqueous solu­
tion of FeF^, the water was responsible for the dissolution 
of their crystals and the ferric ion Fe^+ was the poison 
which was responsible for the formation of well-defined 
visible etch pits® No investigation of a dislocation 
etch for a metallic crystal has met with such success,
Young (6 G) being able to deduce only that the dissolution 
of copper during dislocation etching involved the formation 
of complex ions and being able only to suggest that bromide 
and chloride ions acted as poisons®
1 %  nital *s ability to act as a dislocation etch on
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the (lOlO) plane of cadmium can thus be explained only if 
the c a d m i u m - 1 %  nital dissolution reaction and the poison 
in 1 %  nital can be identified* Since the insight into 
the composition of 1 %  nital gained in the preceding sections 
raised the possibility of making these identifications, some 
etching experiments were carried out on the edge faces of 
cadmium crystals misorientated by a maximum of ± k °  with 1 %  
nital-like solutions in an attempt to identify the step 
poison.
The results gained from the chemical examination of 
1 %  nital led to the conclusion, Section 3*5*39 that 1 %  
nital is a solution of nitric acid in ethanol in which about 
9 6 %  of the nitric acid is undissociated, the remaining 4 %  
being dissociated according to the proton transfer equilib­
rium
h n o 3 + c 2h 5o h  c 2h 3o h 2 + + n o ,- .
Although the mechanisms by which metallic surfaces are dis­
solved by the common acids are not known, it is thought 
■4*that the H ion plays a dominant role in the dissolution 
process. This knowledge, together with the conclusion
reached in Section 3 * 8 9  that the dissolution of cadmium 
during both polishing and etching is achieved according to 
the reaction
Cd + 2HN03 — -> Ca(N0,)2 + H 2 T 
or Cd + 2C2H 50 H 2+ — > Cd2+ + 2C2H 30H + Hgt
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led to the further conclusion that it is either the mole­
cular nitric acid or the protonated alcohol in 1 %  nital 
which is responsible for the c a d m i u m - 1 %  nital dissolution 
reaction during etching®
The search for the poison in 1 %  nital was started by- 
preparing a 1 %  nital solution by adding 1 ml of the 9 5 %  
yellow AnalaR fuming nitric acid a drop at a time to 99 ml 
of stirred AnalaR absolute alcohol® That the resulting 
solution produced dislocation etch pits identical with 
those in Fig® 3®3 showed that no process which occurred 
during the preparation of 2 0 %  nital, from which 1 %  nital 
was usually prepared, was responsible for the production 
of the step poison in 1 %  nital® In the above manner two 
further 1 %  nital solutions were prepared, each from the 
above AnalaR absolute alcohol but one from the 1 0 0 %  pure 
nitric acid, the other from the 9 6 %  commercial fuming 
nitric acid® In addition, from these two acids two 2 0 %  
nital solutions were prepared in the usual manner, Section 
3*2, and from them a further two 1 %  nital solutions were 
made® All the four resulting 1 %  nital solutions produced 
etch pits identical with those in Fig® 3*3* This indicated 
that neither the way* in which it was prepared nor the fuming 
nitric acid used in its preparation affected 1 %  nital's 
ability to act as a dislocation etch® In particular these 
results showed that the impurities which ultraviolet spec­
troscopy had detected in the AnalaR acid, Section 3*>5*2,
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were not responsible for the formation of etch pits, since 
these impurities were not present in the 100°/6 pure nitric 
acid® They also showed that the ion N0+ , thought to be 
present in the 1 %  nital made with yellow acid through the 
dissociation of Section 3®5, was not the poison, since
NC>2 was not present in the 1 0 0 %  pure nitric acid. In 
addition, these results indicated that the presence of 
some NO 2  itself in 1 %  nital was not necessary for disloc­
ation etching, that the small amount of water present in 
1 %  nital made with the commercial and AnalaR fuming nitric 
acids was not important for the formation of pits and that 
nitrous acid, HNC^, was neither responsible for the form­
ation of the step poison nor the poison itself®
Since the presence of a poison in 1 %  nital did 
not depend on the type of fuming nitric acid used in its 
preparation, the necessity of using ethanol was next quest­
ioned* The alcohol series may be represented by 0 H 0 -.OH,n £.n+jL
where n = 1,2,3 etc®, giving ethanol, C 2 H ^ 0 H, when n = 2® 
n = 1 gives the smaller molecule methanol, CH^OH, and n = 3 
the larger molecule propyl alcohol, C^HyOHo By adding 
1 ml of AnalaR fuming nitric acid to 99 ml of both AnalaR 
methanol and AnalaR propyl alcohol two 1 %  nital-like sol­
utions were prepared* That both these solutions produced 
etch pits, Figs® 3*7 and 3*8, similar to those in Fig* 3®3 
indicated that the size of the positive ion produced b y  the 
general proton transfer equilibrium
^ 3  + CnH 2n+ l0H —  CnH 2n+l0H2+ + NV  
does not play an important role in dislocation etching.
As nitrites are well-known as corrosion inhibitors (91)? 
that the step poison responsible for dislocation etching 
was the nitrite ion, NC>2~, seemed a promising possibility* 
Though it was known from the composition of l°/6 nital that 
was probably not present in this solution when pr e ­
pared, it was considered that it was quite possible that 
the cadmium-nitric acid dissolution reaction was more com­
plex than it at first appeared, with nitrite possibly being 
formed locally at kinks where it could be very readily 
absorbed as a step poison. Consequently the effect that 
nitrite had on the formation of etch pits was investigated 
by preparing two 1 %  nital solutions, one containing a trace 
of urea, O T 2 *00.NH2 , to remove all the nitrous acid present 
in the freshly prepared solution and the nitrous acid which 
might form during the dissolution reaction, the second 
containing a trace of sodium nitrite, NaN02 , to add to the 
possible nitrite concentration in the solution.
The amount of such additives which may be placed in 
1 %  nital is controlled by two factors, the solubility of 
the additives in alcohol, which is generally much poorer 
than in water, and the prerequisite that the additives 
should not change to any marked degree the character of the 
composition of 1 %  nital. Since 1 %  nital is a 0.24M
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solution of nitric acid in ethanol, it was considered that 
the molar concentration of any additives should be at most 
1 0 %  of this value* Consequently two 1 %  nital-like sol­
utions were prepared by adding 1 ml of AnalaR fuming nitric 
acid to 99 ml of two solutions, one a 0.005M solution of 
urea in ethanol, the other a 0*01M solution of sodium nit­
rite in ethanol* That both these 1 %  nital-like solutions 
produced etch pits, Figs. 3®9 and 3*10, indicated that 
was not the step poison®
It is interesting to note the similarity between Fig® 
3*10 and Fig* 3*4-, which indicates that the addition of a 
small amount of nitrite to 1 %  nital produces on a crystal 
surface misoriented from (lOlO) by ±4° the same background 
etching that 1 %  nital produces on a crystal surface mi s ­
oriented by l-J0 * Consequently it is proposed that it might 
be possible to increase the tolerable misorientation of 
crystals which can be successfully etched in 1 %  nital 
b y  adding a small amount of urea to this solution*
From the knowledge gained of 1 %  n i t a l 1s composition, 
the only other ion to which the formation of etch pits 
could be attributed was the nitrate ion, produced by
proton transfer* That a 0®2M solution of ammonium nitrate, 
in ethanol did not produce etch pits indicated that 
nitrate ion on its own was not responsible for dislocation 
etching* Therefore it was concluded that the presence of 
both nitrate ion and molecular nitric acid was necessary
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for the formation of pits and an attempt was made to isolate 
these to discover if was the step poison.
Etching crystals for 2 hours in AnalaR water and AnalaR 
dioxan did not produce etch p i t s , which showed that neither 
of these solutions on its own was a dislocation etch.
However, when 0.04 and 1 ml of AnalaR fuming nitric acid 
were added to 99 ml of both AnalaR water and AnalaR dioxan 
respectively, both the two resulting l°/6 nital-like solutions 
produced etch pits, Figs* 3*11 and 3.12. These results 
are difficult to explain particularly when the shapes of 
the pits are considered®
In a 1 %  aqueous solution of nitric acid practically 
all the acid is known to be dissociated according to the 
equilibrium
HNO, + H o0 NO to* + H,0+3 2 3 3
hence the solution of 0.04 ml of nitric acid in water con­
tained almost no molecular nitric acid and the same concen­
tration of NOj” as 1 %  nital o The ill-defined shape of 
the etch pits this solution produced indicated that little 
or no step poison was present in it, from which it had to 
be deduced that on its own was not capable of acting
as a satisfactory step poison in 1 %  nital. Yet this 
aqueous solution of nitric acid, which contained practically 
no molecular nitric acid, did produce etch pits and this 
seemed to invalidate the conclusion that the dissolution 
of cadmium during etching in 1 %  nital is achieved by either
*** 1 0 0  —
of the reactions
ca + 2 hnc>5 ca(N 0 ,)2 + h 2T
oa + 2 C 2h 5oh2 + — ^ ca2+ + 2 C 2h 5oh + h 2T.
1 1
Since dioxan, C ^ . C H ^ . O e C H ^ . C H ^ . O ? }aas a qow dielectric
constant it was to be expected that in the 1 %  solution of 
nitric acid in dioxan the nitric acid was present almost en­
tirely in molecular form, with only an extremely small amount 
being dissociated® This conclusion was confirmed by a measure 
ment of this solution's conductivity which proved to be less 
than a tenth that of conductivity water® The well-defined 
shape of the etch pits this solution produced indicated again 
that could not be considered to be the step poison in
1 %  nital, since the dioxan solution contained much less NO-ft 
than l°/6 nital® Yet that the dioxan solution, which contained 
in addition much more molecular nitric acid than 1 %  nital* 
produced larger and better defined pits than 1 %  nital seemed 
to indicate that molecular nitric acid was not only capable of 
producing the dissolution of cadmium during etching but was 
also responsible for the production of the step poison®
3 * 12 Conclusions
In so far as it had been initially directed at di s ­
covering the causes of the unreliability exhibited by the 
1 %  nital dislocation etch, the work presented in this 
chapter has been successful® The chemical examination of 
l°/6 nital had failed to reveal any contaminants to which
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the unreliability in etching behaviour could be ascribed 
and the subsequent etching of crystals with exposed sur­
faces misoriented from (lOlO) by accurately known amounts 
had revealed that unreliable etching was due to the cry­
stal effect proposed in Section l®5*lo
The chemical examinations of both 2 0 %  and 1 %  nital 
have given an insight into the compositions of these solu­
tions, not only when they are fresh but when they have 
aged. They offer, for the first time, a report of the 
chemical examination of a dislocation etch and, in addition, 
information on the nature of alcoholic solutions of nitric 
acid, about which little is known®
The knowledge gained of the composition of 1 %  nital 
had led to an attempt to elucidate the fundamental mechan­
ism of dislocation etching, albeit unsuccessful. Here it 
must be pointed out that, although none of the ions which 
the chemical examination of 1 %  nital had indicated were 
or might be present in this solution had proved to be the 
step poison, whose presence in an etching solution is con­
sidered necessary for the formation of pits, it is not 
too surprising that what happens on a molecular level 
during etching cannot be explained by the macroscopic com­
position of the dislocation etch® The etch pits produced 
by the 1 %  nital-like solutions of nitric acid in water 
and dioxan not only indicated that was not the step
poison but also cast doubt on the conclusion that the dis-
solution of cadmium during etching in 1 %  nital is as 
simple as was at first supposed. Consequently it has 
not been found possible to identify with certainty any of 
the chemical reactions which occur during the etching of 
cadmium with 1 %  nital.
However, the groundwork for a successful attempt to 
elucidate the fundamental mechanism of dislocation etching 
in the cadmium - 1 %  nital system has been laid and it is 
suggested that the work presented here should be continued. 
It is proposed that during a further investigation the 
impurities and ions known to be present in the yellow 
AnalaR fuming nitric acid should be prevented from compli­
cating the problem by preparing solutions only from 1 0 0 %  
pure nitric acid and that a search be made for other 1 %  
nital-like solutions which will both offer conclusive 
evidence of the nature of the cadmium - 1 %  nital dissolu­
tion reaction and establish the source and identity of the 
step poison.
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Fig. 3*1 The high resolution N.M.R. spectrum of ethanol.
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Fig. 3*3 Etch pits formed by 1 %  nital 
on a crystal surface misoriented from 
(IClO) by 1/2°.
Etching time 30 min. xlOOO
t(OOCl) trace runs N.W.-S.E.]
Fig. 3»4- Etch pits formed by l°/6 nital 
on a crystal surface misoriented from 
(lOlO) by 1 % ° .
Etching time 30 min. xlOOO
[(0001) trace runs N.W.-S.E.]
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Fig. 3.5 Etch pits formed by 1 %  nital 
on a crystal surface misoriented from 
(1010) by 3°.
Etching time 30 min. xlCOO
[(0001) trace runs N.W.-S.E.]
Fig. 3*6 Etching figures formed by 1/6 
nital on the (0001) plane.
Etching time 30 min. xlOOO
([12103 runs E.-W.)
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Fig. 3.7 Etch pits formed on the (lClO) 
plane by a 1/6 solution of fuming nitric 
acid in methyl alcohol.
Etching time 2 hr. xlOOO
[(0001) trace runs N.W.-S.E.]
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Fig. 3*8 E£ch pits formed on the (lOlO) 
plane by a 1 /6 solution of fuming nitric 
acid in propyl alcohol.
Etching time 1 hr. xlOOO
[(0001) trace runs N.W.-S.E.j
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Fig. 3*9 Etch pits formed on the (lOlO) 
plane by a 1/6 solution of fuming nitric 
acid in a .005M solution of urea in ethyl 
alcohol.
Etching time 30 min. xlOOO
[(0001) trace runs N.W.-S.E.]
Fig. 3*10 Etch pits formed on the (lOlO) 
plane by a 1/6 solution of fuming nitric 
acid in a .01M solution of sodium nitrite 
in ethyl alcohol.
Etching time 30 min. xlOOO
[(0001) trace runs N.W.-S.E.]
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Fig. 3-11 Etcg pits formed on the (lOlO) 
plane by a ..04 /6 solution of fuming 
nitric acid in water.
Etching time 30 min. xlOOO
[(0001) trace runs N . W . - S . E . ]
Fig. 3*12 Etch pits formed on the (lOlO) 
plane by a 1 %  solution of fuming nitric 
acid in dioxan.
Etching*tima 1 hr. xlOGO
[(00C1) trace rurs N.W.-S.E.J
CHAPTER 4
THE D A M AGE INJECTED INTO CADMIUM SINGLE CRYSTALS 
BY SPAR K  EROSION MACHINING
If deformed, single crystals are to be sectioned prior 
to being chemically or electro-chemically thinned for a 
transmission electron microscopy examination, it is essen­
tial that the n a t u r e , extent and magnitude of the damage 
caused by the sectioning method be known. The lack of such 
knowledge can invalidate the results obtained from an el­
ectron microscopy study, since in this case it cannot be 
claimed that the defects observed in thin foils are repre­
sentative of those present in the deformed bulk crystals®
The method of sectioning by spark erosion was available for 
the present cadmium work, but since there was no quantita­
tive information on the magnitude and the depth of the 
damage this would produce in cadmium single crystals or any 
other similarly soft material, an investigation was carried 
out to provide this knowledge® Since reliable estimates 
of spark erosion damage can only be made with an etch pit 
technique, and the results of Chapters 2 and 3 had estab­
lished that the 1 %  nital dislocation etch could be success­
fully used repeatedly, the investigation was carried out 
using this etch® This chapter gives a brief summary of 
some previous estimates of spark erosion damage in metals 
and describes the novel experimental procedure by which
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such estimates were made for cadmium. The results obtain­
ed have occasioned industrial interest and, since it is 
probable that the research presented 'here will be continued 
in collaboration with the manufacturers of the spark machine 
used, the experimental procedure is described in detail.
4.1 Previous Estimates of S p ark Erosion Damage in Metals
By using an anodic etching t e c h n i q u e , Sestak and Libo- 
vicky (92) have studied in detail the arrangement and dens­
ity of dislocations around the crater formed in a single 
crystal of 4 %  Si-Pe by a single spark discharge in air 
from an 8 |iF condenser charged to 240 V. Using the crystal 
as the anode and a 0*2 mm diameter copper wire as the cath­
ode, they found that the region in which dislocations were 
formed was well defined and extended about 50 M- both below 
and to the side of the crater. Palatnik et al. (93) have 
examined the cleaved surfaces of single crystals of bismuth, 
antimony and zinc with dislocation etches, both before and 
after these surfaces were subjected to spark discharges 
from a Russian IG— 2 spark generator. By repeatedly polish­
ing and etching the surfaces they made quantitative esti­
mates of the volume distributions of dislocations in the 
regions affected by the spark discharges but gave no inform­
ation about the spark energies used.
These two studies are sufficient to show that the ex­
tent and nature of the damage injected into a material by
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spark erosion machining depend very markedly on both the 
spark system employed and the material itself. Consequen­
tly, since the spark machine available for the present 
cadmium work was a Servomet SMD, manufactured by Metals R e ­
search L t d ® ? Cambridge, information was sought which would 
give a quantitative estimate of the damage injected into 
cadmium by this particular spark erosion system.
The 1964 Servomet SMD instruction manual gave little 
information on the damage introduced by machining on the 
S M D ’s finest spark range® It suggested that such damage 
consisted of a melted layer about 2 to 3 microns deep which 
had frozen epitaxially, below which there was a layer that 
had been subjected to thermal shock and possibly a further 
layer disturbed by shock waves due to cavitation® The 
manual reported that, in the absence of quantitative data, 
the manufacturers had estimated the depth of damage on the 
finest spark range by Laue spots, low temperature electri­
cal resistivity measurements and by transmission electron 
microscopy® This depth was considered to extend probably 
to 25 to 100 microns on copper, aluminium and lead and 
possibly to 50 to 150 microns on iron® In a later report 
(94) circulated to machine users it was stated that the 
depths of detectable damage found on single crystals of 
copper, hardness 40kg/mm2 , and 3 %  Si-Fe, hardness 200kg/mm23 
after machining on the finest spark range had been reveal­
ed by etch pit techniques to be 150 microns and less than
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2 microns respectively. No information was given on other 
materials hut the report anticipated that the damage to he 
expected in any other system would probably be predicted 
roughly by a linear extrapolation of a hardness versus 
depth of damage line. Since the present cadmium crystals 
have a hardness of about 20gm/mm such a proposed extrapo­
lation would lead to an anticipated depth of damage in 
cadmium of about 200 microns.
Though the Servomet spark machine has been used by 
many investigators for shaping and sectioning single cry­
stals, their estimates of spark erosion damage, if made at 
all, are usually not arrived at by very rigorous methods. 
Consequently, when their results are collected they do not 
form a unified body of information, from which other work­
ers can anticipate the damage caused by spark machining 
with the Servomet under their experimental conditions.
These points are illustrated by the following examples of 
spark erosion damage investigations which used the Servomet*
Levinstein and Robinson (95) have reported that they 
produced specimens for tensile testing by sectioning as- 
grown silver single crystals with a Servomet. This in­
troduced damage which an etch pit technique showed extended 
less than 10 microns into this material. The high initial 
dislocation densities of their specimens and the results 
they obtained from deforming these have been commented on 
by Basinski and Jackson (96) who suggested that these
specimens still contained damage due to spark machining. 
Certainly, if the proposed linear law of hardness versus 
depth of damage were to hold it would be expected that 
Levinstein and Robinson's minimum depth of damage should 
have been of the order of 200 microns.
Basinski and Jackson (96) in their work on copper 
single crystals have found that dislocations can be intro­
duced throughout 3mm thick virgin crystals, dislocation 
5 2density 10 /cm , by spark planing their surfaces with a
Servomet set on a coarse range. They reported that by
planing one irrational face of a square section crystal
and then etch pitting its exposed {ill} surfaces they
found that the dislocation density had been increased
T  Pthroughout the crystal and fell to 10 /cm at a depth of 
about 200 microns below the planed surface. Basinski and 
Basinski (67) have reported that, using an etch pit tech­
nique, they found the damage which had been injected into 
copper single crystals sectioned by spark slicing on the 
Servomet's finest range extended about 2.5mm from the cut. 
By modifying the machine in an undisclosed manner they 
were then able to reduce this depth of damage to below 100 
microns® Later information (97) has revealed that for the 
2.5mm figure the damage was m a i n l y  mechanical and resulted 
from an inadequately supported crystal. Further, the 
machine used was a Servomet SMC whose finest range was the
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same as the finest hut one on the later 3MD, the Basinski 
modification being the fitting of the SMD ’ s finest range 
coupled with the use of a fine tungsten wire cutting tool. 
In a later paper Jackson and Basinski (98) reported the 
further use of this modified Servomet which, using a moving 
•002" diameter molybdenum wire as a cutting tool, was shown 
by the etch pit technique to produce a damaged layer about 
0.1mm deep in copper single crystals.
In the discussion which followed the presentation of 
this last paper Robinson (99) announced that T,a rather 
detailed study of the extent of spark-cut damage as a 
function of machine settings and a modification of the 
Servomet spark-cutting machine will be published in the 
near future", but this study, which will be on silver, 
has not yet been published. H o w e v e r , Moon and Robinson 
(100) have reported that the use of a modified Servomet 
produced a depth of damage of 250 microns in annealed 
silver single crystals. This result, obtained with the 
etch pit technique, not only indicated that Levinstein 
and R o b i n s o n ’s earlier value of 10 microns was an under­
estimate, as supposed by Basinski and Jackson, but is more 
in keeping with the proposed linear law of hardness versus 
depth of d a m a g e .
Nicholson (101) has reported that Hazzledine esti­
mated the depth of damage in copper single crystals by
using the etch pit technique and found that depth to be
0®3 to 1mm depending on the spark energy used. Hirsch
and Lally (36) have reported that Steeds, using the
Livingston etch on annealed copper crystals, set a limit
of 150 microns for the damage depth caused by sparks of
3
energy 3 x  10 e r g s . Hazzledine they reported as having 
found that the damage extended to a depth of 3 0 0  microns 
using sparks of the same energy on copper-aluminium alloy 
specimens.
Hirsch and Lally themselves obtained specimens for 
transmission electron microscopy by cutting sections from 
magnesium single crystals with a S m r w o m e t *  They found 
that a moving 0.2mm diameter copper wire cutting electrode 
introduced less damage than a fixed blade electrode, and 
that providing the cutting tool was such a wire, the 
spark energy 5 x  10^ ergs and the section thickness greater 
than 1mm, then the dislocation density in spark eroded
O p
and thinned slices from annealed crystals was 2 x  10 /cm . 
As they themselves comment, this is a high density. It 
is very probable that the slices so cut still contained 
damage due to spark m a c h i n i n g . Sharp et al. (35) have 
also sectioned deformed magnesium crystals with a Servomet 
for a transmission electron microscopy study. They used 
a moving *005" diameter Nichrome wire to spark cut slices 
2 to 2.5mm thick which were then reduced in thickness to
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1mm by spark planing on the machine's finest range. From 
these slices discs were trepanned out with a brass tube 
and subsequently thinned. Estimated dislocation densities 
from foils produced in this manner from annealed crystals
n  o  p
were in the range 10 to 10 /cm . Although it was con­
cluded that these estimates were consistent with the foils 
being undamaged by the preparation technique, since these 
densities are as high as those of Hirsch and Lally it is 
probable that foils so prepared still contained damage due 
to spark machining.
From these investigations it was clear that there was 
no reliable quantitative information on the depth of damage 
spark machining with the SegJVomet would produce in cadmium 
single crystals or any other similarly soft m a t e r i a l . 
Further, the estimates of spark dan age which have been 
made, even with the etch pit technique, have often been 
proved erroneous. In addition, it is surprising to find 
that for want of making a careful study of the damage 
spark machining produced in their material, many investi­
gators have been prepared to jeopardize the validity of 
the conclusions they have drawn from a transmission electron 
microscopy study. Consequently, it was considered that 
before spark erosion machining could be used for sectioning 
deformed cadmium crystals for an electron microscopy study, 
it was essential that a detailed investigation be made of
—  1 1 6  —
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the damage this sectioning method injected into cadmium,
4»2 The Servomet SMD Spark Machine
The Servomet produces a rapid series of spark-dis- 
charges of controlled energy between the cutting tool and 
the work. The sparks erode the work at a rate dependent 
on the energy and frequency of the discharges.
The ma.ch.ine operates by full wave rectifying the 
mains supply voltage and applying the resulting d.c. to a 
relaxation circuit, Fig* 4 J .  The condenser G is charged 
at a rate determined by the resistor R until the tool to 
work gap breakdown voltage V  is reached, when a spark d i s ­
charge takes place across the work gap. C is then r e ­
charged through R and the cycle repeated to give continuous 
cutting. The breakdown voltage V is proportional to the 
work gap and is used to control a servo-system which ma i n ­
tains the gap at an optimum value. The gap may be set by 
a manual control which thus determines the breakdown 
voltage achieved.
During the cutting opers.tion the tool and work are 
submerged in a liquid dielectric, e.g. paraffin, which can 
be circulated and filtered and the work may be set up 
above the dielectric level by raising the work table.
The cutting tool may take several forms and is frequently 
a rod, a blade, a fixed wire or a moving wire, the spark
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slicer, or a spinning brass plate, the spark planer. The 
work may be mounted in or cn a variety of supports includ­
ing a rotating chuck, the spark lathe, and a two-circle 
goniometer table. A  manual range switch may be used to 
select seven different spark regimes ranging from coarse, 
Range 1, to fine, Range 7, and four ultra-fine regimes. 
Ranges 8 to 11, Table 4.1.
4.3 The Experimental P rocedure for Cadmium
The experimental procedure adopted was designed to 
show the dislocation etch pit distribution around a spark 
cut in a cadmium single crystal both before and after 
this cut was made with a wire cutting tool. It was also 
designed to ensure that during the full procedure the 
crystal suffered no damage other than the intrinsic damage 
due to the local action of the machining process.
To ensure that the crystal was not damaged during 
handling it had to be mounted on a rigid support which was 
non-reactive with the cadmrum chemical polishing and etch­
ing solutions, their washing solutions, chloroform and 
paraffin. A 1" length of cadmium single crystal, of the 
type described in Chapter 2, was mounted with one of its 
(lGlO) faces uppermost on a block of stainless steel 
3" x 5/8" x 3/16" with the Araldite system MY 750 plus 
H£ 951. This was applied around both ends of the crystal
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so that the latter*s central portion was free of resin. 
Since it was found that, cured at room temperature, even 
Araldite adversely affected the action of the dislocation 
etch, it was necessary to use a 4 hour cure at 40°C to 
produce a hard, non-reactive Araldite surface.
The mounted crystal was polished in 2 0 %  nital for
2 minutes, thoroughly washed in absolute alcohol and given
a petroleum ether rinse before being dried in a cold air
stream. With its exposed (lOlO) face uppermost and
horizontal, it was then etched in 1 %  nital for 3 0  minutes
and washed and dried as above. The resultant etch pitted
(10X0) face was then inspected at a magnification of x J O
and in its central portion an area was sought which was
relatively free of surface irregularities and displayed
5 2a low etch pit density of about 5®10 /cm # The position 
of the selected area was referenced with respect to an end 
of the crystal which was then coated with a masking mater­
ial# This material's function was to protect the etch 
pits in the selected area from the debris which settled 
as a black coating on the crystal surface around the spark 
cut during machining.
The properties demanded of the masking material were 
that it could be applied to the crystal at room tempera­
ture without causing any dislocation damage whatsoever,
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that it would he insoluble in paraffin and not only adhere 
to the crystal surface during spark machining but be i m p e r ­
meable to the machining debris. It was also required 
that the material would not interfere with the S e r v o m e t !s 
sparking or servo-action and be easily removed after 
machining, again without causing any dislocation damage 
whatsoever. Many electrically conductive masking m a t e r ­
ials were tried without success but the most satisfactory 
material found was a non-conductive Formvar film. It was 
discovered that one drop of a 2 %  by weight Formvar in 
chloroform solution could be run down the crystal's (10X0) 
face to dry in a few minutes in the form of a very thin 
film. It was found that this did not interfere with the 
machine's cutting action and possessed the required pro­
perties with the exception that sometimes the sparking 
action ripped off the film in the immediate locality of 
the c u t .
The masked crystal was then mounted on the table of 
the machine's two-circle goniometer and the table settings 
and the cutting wire position were adjusted so that a cut 
could be made in the selected area, Fig. 4.2. The re­
quired spark regime and gap control position were selected 
and the m a c h i n e 1s depth switch set so that machining would 
be automatically stopped when the wire had completely 
cut through the crystal. The table and wire were then
lowered into the paraffin and cutting was started. During 
cutting the paraffin was circulated and filtered by the 
machine's low capacity pump and filter unit and when cut­
ting had been completed, the table and wire were raised 
from the paraffin and the wire was cut and withdrawn care­
fully through the bottom of the spark machined cut. This 
ensured that the damage caused around the cut was due solely 
to the spark machining process and not to any subsequent 
mechanical abrasion which might have occurred if, to clear 
the crystal, the wire had been raised through the cut.
The crystal was then removed from the goniometer 
table, rinsed in benzene, to remove the adhering paraffin 
and soaked in chloroform. This softened the Formvar film 
which was totally removed with its overlay of machining 
debris in a running chloroform wash. The crystal was 
then rinsed in petroleum ether and dried in a cold air 
stream. The exposed (lOlO) surface now contained a cut 
which resided in the etch pit arrangement which had been 
placed on it before the crystal was cut. This surface 
was examined on the screen of the Vickers projection 
microscope and the areas along each side of the cut were 
photographed at a magnification of xlOO. The prints 
obtained were used to form a mosaic of this etch pit arrange­
ment® The crystal was then polished in 2 0 %  nital for 
30 seconds, which ensured the total removal of these
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etch pits, and was re-etched in 1 %  nital as described 
above# The exposed (lOlO) surface around the cut now 
revealed the etch pit arrangement which had been placed on 
it after the crystal was cut# A second mosaic of prints 
was formed which covered the same area as the first mosaic.
It was estimated that between the taking of these two 
sets of photographs the intermediate polishing and etching 
had removed about 12 microns from the (lOlO) surface.
Thus, by inspecting both mosaics it was possible to com­
pare the etch pit arrangement around the cut in corres­
ponding areas separated in depth by only this amount.
Such a comparison revealed the local increase in etch pit 
density caused solely by the intrinsic damage due to spark 
machining. Before any quantitative assessments of depth 
of damage were made, the validity of this claim was estab­
lished by a trial experiment which duplicated the complete 
procedure described above bar the actual spark cutting 
itself, an experiment which showed the second etch pit 
arrangement to be an undisturbed duplicate of the first.
Since the intermediate polishing and etching removed 
so little from the (10X0) surface, it was found in areas 
outside those damaged by machining that it was often p o s ­
sible to identify positively the same local etch pit 
arrangements in the two mosaics. The ability to do this 
made the assessment of the maximum depth of damage due to
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spark machining an accurate one and this technique was 
used to obtain the quantitative assessments of depth of 
damage which follow.
4 *4 The Results from C r oss-Guts on Range 5
Initially, when grown crystals were cut into standard 
lengths of 5cm, Section 2.5, or these lengths halved for 
the spark machine damage work, the S e r v o m e t 's moving wire 
spark slicer was employed on either Range 5 or 6 to produce 
quick cuts* The electrically driven feed gears of this 
slicer drew from a feed spool s01S" diameter tinned copper 
wire which at its lowest point was passed horizontally 
under two pulleys between which the wire was kept in ten­
sion by a rotating wire gathering spool. This horizontal 
portion of the moving wire was used as the cutting tool. 
Experience gained with this slicer indicated that for a 
given range the times taken to perform similar cuts were 
very variable. Further, during cutting, the machine 
panel meter which monitored the voltage across the spark 
gap indicated very frequent tool to work 'shorts’, a p r o ­
cess known as bumping, and these caused the servo-system 
to 'hunt'. The cause of these defects was found to rest 
with the feed spool which, being irregularly wound, r o ­
tated in jerks* These caused tension drops in the hori­
zontal portion of the wire sufficient for this to bow and 
touch the work. No smoothing device could be found which
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eliminated this fault which was inherent in the actual 
spool wire windings.
Clearly, such a spark slicer, which mechanically 
abraded the work during cutting, was not suitable for 
producing sectioned crystals for electron microscopy.
Since the bumping it exhibited was due to a variable ten­
sion in the cutting wire, this moving wire slicer was r e ­
placed, after discussions with Metals Research, by a very 
simple fixed wire slicer, Fig. 4.2. This comprised a 
tungsten wire strung between the arms of an aluminium fork 
and tuned to a desired tension with the wing-nut clamps.
In use the fixed wire spark slicer did not cause bumping, 
exhibited reproducible cutting times and was capable of 
completing all the cuts required, providing a wire of a 
suitable diameter was used on a given range. This super­
ior slicer was subsequently used for all cuts made and 
since these were frequently Range 5 or 6 crystal parting 
cross-cuts, that is cuts whose normals were the crystal 
growth direction, estimates of the depths of damage caused 
by these were made first.
To make such a cross-cut a crystal was positioned on 
the goniometer table so that its growth direction was 
parallel to the t a b l e ’s tilt axis. The slicer's wire was 
then aligned parallel to a long vertical crystal face by 
observing the wire's reflection in that face. The wire
was raised and rotated through 90° against a protractor 
and then lowered to just above the c r y s t a l ’s exposed (lOlO) 
face, Fig. 4*2. The wire and its reflection in this face 
were observed and made parallel by the adjustment of the 
table's tilt control * This ensured that when cutting was 
started no portion of the (lOlO) face suffered preferred 
sparking. To ensure that bumping did not occur it was 
found to be necessary to set the gap control to a prede­
termined position which gave during cutting a mean gap 
voltage of 200 V.
In such a manner two crystals were subjected to a 
cross-cut with a *018" diameter tungsten wire on Range 5* 
Both these cuts produced the same result which was inter­
preted as being indicative of the good reproducibility of 
the experimental procedure used. After machining, an 
inspection of the (lOlO) face around each cut revealed 
that along the full length of each side of the cuts the 
crystals had been twinned with a density of about 50 twins 
per mm of cut side. The longest twins extended ©* 3  mm 
from the sides of the cuts and their average penetration 
was 0.1 mm. Etching after cutting showed that high den­
sity walls of dislocation damage were associated with the 
tips of these twins and ran from these away from the cut 
in the direction of polygonization i.e. at right angles 
to the basal plane trace on the (lOlO) face. A  general 
survey of the dislocation damage produced revealed the
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pattern shown diagrammatically in Fig. 4.3* On each side 
of the cut, twins were distributed uniformly along the cut. 
Apart from this the predominant feature was the walls of 
heavy dislocation damage which extended in the polygoniz- 
ation direction from the cut across the whole (lOlO) sur­
face of the crystal and formed two distinct trapeziums 
of damage. To about 0*5 mm from the cut a severely d a m ­
aged strip existed in which the etch pits could not be
resolved by optical microscopy and must therefore have had
7 2a density in excess of 5*1C /cm . Between this strip and
the boundary of the region of heavy damage the etch pit
7 2density was of the order of 10 /cm and beyond this bo u n ­
dary the etch pit density fell sharply to the background
5 2as-grown level of 5*10 /cm . For these two cuts the 
length d was about 1 mm and D about 3*5 mm.
A further crystal was cross-cut with a .005" diameter 
wire on Range 5* A  survey of the damage produced again 
showed it to take the same form as in Fig. 4*5 but although 
twins were still produced along the complete length of the 
cut with a maximum and average penetration of 0*3 m m  and 
0.1 mm as before, the twin density had fallen to about 
30 twins per mm of the cut side. The severely damaged 
strip was still 0.5 mm wide and d and D as above but the 
etch pit density in the region of heavy damage had fallen 
to about 5«10^/cm^o
These results seemed to indicate that the nature of the 
damage introduced into a crystal cut on a given range 
depended on the diameter of the cutting wire. Conse­
quently, another crystal was cross-cut with a .0 0 3 " dia­
meter wire on Range 5, this being the finest wire which 
would complete the cut® This again resulted in the same 
pattern of damage shown in Fig. 4.3 with the width of the 
severely damaged strip, d and D unchanged. However, this 
wire had produced a further reduction in damage, twins 
having a reduced maximum and average penetration of 0*1 mm 
and 0*05 mm, though still a density of 3 0  twins per mm of 
cut side® In addition the etch pit density in the region
r  p
of heavy damage had fallen to about 10 /cm ®
Part of the cut made with the .003” wire is shown in 
Fig* 4.4 which illustrates the twins produced by the cut 
intersecting the etch pit arrangement placed on the crystal 
before the cut was made® This figure also demonstrates 
the effectiveness of the Formvar film as a masking material. 
Figs® 4*5 and 4®6 are photographs of the same area of the 
crystal used for this cut and were taken in the position 
indicated in Fig® 4.3* Fig. 4.5 was taken after the 
Formvar film had been removed and shows the etch pit 
arrangement placed on the crystal before the cut was made* 
Fig* 4*6 was taken after the intermediate chemical polish 
and second etch and shows the etch pit arrangement placed 
on the crystal after the cut was made. This pair of
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photographs illustrates the walls of dislocation damage 
injected by the spark cutting and how the etch pit density 
falls sharply to the as-grown level beyond the boundary of 
the region of heavy damage. In their ringed areas they 
also illustrate the point made in Section 4.3, namely, 
that it is possible to identify positively the same local 
etch pit arrangements in those areas of the two mosaics 
which lie outside the spark damaged region®
4 •3 The Resu l t s _from C r o ss-Guts on Range 6
With .005" and *003" diameter tungsten wires two cross­
cuts were made on Range 6 and both these showed less damage 
than the corresponding Range 5 cuts with these wires.
Twins were still produced and though their density was 
still 3 0  twins per mm of cut side, their maximum and aver­
age penetration had been reduced to 0,05 mm and 0*02 mm.
The general pattern of dislocation damage produced on Range 
6 was different from the Range 5 pattern and is shown dia- 
grammatically in Fig. 4®7® On each side of the cut twins 
were still distributed uniformly along the cut but the two 
trapeziums of damage characteristic of the Range 5 cuts 
were no longer present® There were no severely damaged 
strips immediately alongside the cut and the walls of dis­
location damage produced were less well defined and fewer 
in number. These again extended from the cut in the 
polygonization direction but did not reach the sides of 
the crystal unless they had been formed close to the ends
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of the cut® The etch pit density in these walls was about 
6 25.10 /cm and in the strip parallel to the cut occupied
p
by them the average density was low 10 /cm , Beyond this 
strip the etch pit density fell slowly to the as-grown 
level in a region of width about equal to the strip width. 
The major differences between the two cuts were that the 
walls of damage were less well defined when the o0 0 3 " wire 
was used and that the width of the strip occupied by the 
walls was about 0*5 m m  for the .005" wire and about 0.4 mm 
for the o003M wire. Hence the damaged region produced by 
this range was found to take the form of a strip parallel 
to the cut which was of approximate depth 1.0 mm for the 
.005” wire and 0.8 mm for the .0 0 3 ” wire.
Part of the cut made with the .003" wire is shown 
in Fig. 4,8 which illustrates the twins produced by the 
cut intersecting the etch pit arrangement placed on the 
crystal before the cut was made. Fig, 4*9 illustrates 
the walls of light damage produced alongside the cut made 
with the .005" wire® The etch pit arrangement here is 
that produced by the second etching,
4*6 The Results from Cross-Guts on Range 7
The results from the cross-cuts made on Ranges 5 and 
6 indicated quite clearly that if these ranges were to be 
used at any stage during the sectioning of deformed cry­
stals for electron microscopy, the slices produced would
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have to he of the order of a few millimetres thick to 
ensure that the foils subsequently produced for microscopy 
were not damaged by spark machining. The thinning of 
such thick slices produced from crystals of the present 
size was considered to be inconvenient and potentially 
difficult. It was anticipated that only slices of m a x i ­
mum thickness 1 m m  could be thinned conveniently. Con­
sequently, it was concluded that if spark machining were 
to be used for sectioning crystals, only the finest spark 
r e g i m e , Range 7, could be employed and that the method of 
cutting used on this range needed to be one which would 
ensure that the depth of damage introduced would be at 
most 0*5 mm and preferably less than this. The Range 5 
and 6 cross-cuts further indicated that the damage p r o ­
duced by machining on a given range could be reduced by 
reducing the diameter of the cutting wire used. Conse­
quently, the cuts made on Range 7 were directed at examin­
ing this effect in detail.
A crystal cross-cut with a .005" diameter wire exhib­
ited none of the twinning associated with the cuts made on 
Ranges 5 and 6. There was no severely damaged strip 
immediately alongside the cut and no walls of dislocation 
damage wereformed.9 The damage which was produced was 
confined to a strip running painallel to the cut in which, 
due to the absence of walls, the etch pit density was 
uniform but above the background as-grown level. The
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l i n e  o f  d e m a r c a t i o n  b e t w e e n  d a m a g e d  a n d  u n d a m a g e d  c r y s t a l  
c o u l d  b e  d e l i n e a t e d  q u i t e  c l e a r l y  s i n c e  a t  i t  t h e  e t c h  p i t  
d e n s i t y  f e l l  s h a r p l y  t o  t h e  b a c k g r o u n d  l e v e l .  T h e  
d a m a g e d  s t r i p  e x t e n d e d  i n t o  t h e  c r y s t a l  a  m axim um  d i s t a n c e
r  p
o f  0 * 5  mm a n d  t h e  e t c h  p i t  d e n s i t y  i n  i t  w a s  a b o u t  1 0 / c m  .
A c r y s t a l  c r o s s - c u t  w i t h  a  . 0 0 3 "  d i a m e t e r  w i r e  e x h i b ­
i t e d  t h e  sa m e  p a t t e r n  o f  d a m a g e  p r o d u c e d  b y  t h e  . 0 0 5 "  w i r e .  
H o w e v e r ,  t h e  m a g n i t u d e  o f  t h e  d a m a g e  w a s  l o w e r ,  t h e  d am ­
a g e d  s t r i p  e x t e n d i n g  i n t o  t h e  c r y s t a l  a  m axim um  d i s t a n c e
5 2o f  0 * 3  mm a n d  t h e  e t c h  p i t  d e n s i t y  i n  i t  b e i n g  h i g h  1 0  / c m .  
F i g .  4 * 1 0  s h o w s  p a r t  o f  t h i s  c u t  a f t e r  t h e  F o r m v a r  f i lm -  
h a d  b e e n  r e m o v e d  a n d  i l l u s t r a t e s  t h e  n e c e s s i t y  o f  u s i n g  
a  s u r f a c e  m a s k i n g  m a t e r i a l  i f  t h e  f i r s t  e t c h  p i t  a r r a n g e ­
m e n t  i s  t o  b e  v i s i b l e  a f t e r  t h e  c u t  h a s  b e e n  m a d e .  I n  
t h i s  p h o t o g r a p h  t h e  i r r e g u l a r l y  s h a p e d  b l a c k  d e p o s i t  a l o n g  
t h e  c u t  i s  m a c h i n i n g  d e b r i s  w h i c h  h a s  s e t t l e d  o n  t h e  
c r y s t a l  s u r f a c e  w h e r e  t h e  F o r m v a r  f i l m  h a s  b e e n  l o c a l l y  
r i p p e d  o f f  b y  t h e  s p a r k i n g  a c t i o n .  F i g .  4 . 1 1  s h o w s  t h e  
sa m e  a r e a  a f t e r  t h e  i n t e r m e d i a t e  c h e m i c a l  p o l i s h  a n d  
s e c o n d  e t c h  a n d  i l l u s t r a t e s  t h e  n a r r o w  s t r i p  o f  i n c r e a s e d  
e t c h  p i t  d e n s i t y  a l o n g  t h e  c u t .  C o r r e s p o n d i n g  r i n g e d  
a r e a s  a g a i n  d e m o n s t r a t e  how p o s i t i v e  i d e n t i f i c a t i o n  o f  
t h e  sa m e  l o c a l  e t c h  p i t  a r r a n g e m e n t s  m ay  b e  m a d e  i n  a r e a s  
o u t s i d e  t h e  d a m a g e d  r e g i o n .
A f u r t h e r  c r y s t a l  c r o s s - c u t  w i t h  a  . 0 0 2 "  d i a m e t e r
w i r e  a g a i n  e x h i b i t e d  t h e  s a m e  p a t t e r n  o f  d a m a g e  p r o d u c e d
b y  t h e  o 0 0 5 M w i r e  b u t  t h e  a m o u n t  o f  d a m a g e  w a s  s t i l l  l o w e r
t h a n  t h a t  o b t a i n e d  w i t h  t h e  0 0 0 3 ” w i r e ,  t h e  d a m a g e d  s t r i p
e x t e n d i n g  i n t o  t h e  c r y s t a l  a  maxim um  d i s t a n c e  o f  0 . 2  mm
5 2a n d  t h e  e t c h  p i t  d e n s i t y  i n  i t  b e i n g  h i g h  1 0  / c m  ®
I f  t h e  t e n s i o n  o f  a  . 0 0 1 "  d i a m e t e r  w i r e  w a s  c a r e f u l l y  
a d j u s t e d  i t  w a s  f o u n d  t o  b e  j u s t  p o s s i b l e  t o  m ak e  a  c r o s s ­
c u t  w i t h  i t  o n  R a n g e  7* T h e  r e s u l t s  f r o m  t h i s  c u t  s h o w e d  
a  f u r t h e r  r e d u c t i o n  i n  b o t h  t h e  d e p t h  o f  d a m a g e ,  w h i c h  
e x t e n d e d  i n t o  t h e  c r y s t a l  a  maximum d i s t a n c e  o f  0 * 1  mm, 
a n d  t h e  e t c h  p i t  d e n s i t y  w i t h i n  t h e  d a m a g e d  s t r i p ,  w h i c h
w a s  o n l y  s l i g h t l y  a b o v e  t h e  b a c k g r o u n d  a s - g r o w n  l e v e l  o f  
5 / 25 • 1 0  / c m  * F i g ,  4 . 1 2  s h o w s  p a r t  o f  t h i s  c u t  a f t e r  t h e  
i n t e r m e d i a t e  c h e m i c a l  p o l i s h  a n d  s e c o n d  e t c h .
T h e  tw o  f i n a l  c r o s s - c u t s  m ad e  on  R a n g e  7  w e r e  w i t h  
t h e  f i x e d  w i r e  s p a r k  s l i c e r  l o a d e d  w i t h  a  o 0 1 8 M d i a m e t e r  
t u n g s t e n  w i r e ,  a n d  t h e  S e r v o m e t ' s  m o v i n g  w i r e  s p a r k  s l i c e r  
l o a d e d  w i t h  i t s  s u p p l i e d  * 0 1 8 "  d i a m e t e r  t i n n e d  c o p p e r  w i r e .  
N e i t h e r  c u t  e x h i b i t e d  t w i n n i n g  a n d  t h e  f i x e d  w i r e  p r o d u c e d  
a  r e s u l t  s i m i l a r  t o  t h a t  o b t a i n e d  f o r  t h e  , 0 0 5 ” w i r e ,  
n a m e l y  a  w e l l  d e f i n e d  s t r i p  o f  d a m a g e  r u n n i n g  p a r a l l e l  
t o  t h e  c u t  w h i c h  e x t e n d e d  i n t o  t h e  c r y s t a l  a  maximum d i s ­
t a n c e  o f  0®5 mm a n d  i n  w h i c h  t h e  e t c h  p i t  d e n s i t y  w a s  a b o u t  
6  21 0  / c m  o Due t o  b u m p i n g  t h e  m o v i n g  w i r e  t o o k  t r i p l e  
t h e  t i m e  t a k e n  t o  c o m p l e t e  t h e  c u t  b y  t h e  f i x e d  w i r e  a n d  
p r o d u c e d  n o t  a  w e l l  d e f i n e d  s t r i p  o f  d a m a g e  b u t  o n e  i n
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w h i c h  t h e  e t c h  p i t  d e n s i t y  f e l l  s l o w l y  t o  t h e  b a c k g r o u n d
a s - g r o w n  l e v e l .  T h i s  s t r i p  e x t e n d e d  i n t o  t h e  c r y s t a l  a
m axim um  d i s t a n c e  o f  0 . 8  mm a n d  e x h i b i t e d  c l o s e  t o  t h e  c u t
6  2a  m axim um  e t c h  p i t  d e n s i t y  o f  a b o u t  10  / c m  . F i g .  4 . 1 3  
s h o w s  p a r t  o f  t h i s  c u t  a f t e r  t h e  F o r m v a r  f i l m  h a d  b e e n  
r e m o v e d  a n d  F i g .  4 . 1 4  t h e  sa m e  a r e a  a f t e r  t h e  i n t e r m e d i a t e  
c h e m i c a l  p o l i s h  a n d  s e c o n d  e t c h .
F i g .  4 . 1 5  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  
c r o s s - c u t s  m ad e  o n  R a n g e  7 i n  t h e  f o r m  o f  a  g r a p h  o f  m a x i ­
mum d e p t h  o f  d a m a g e  i n j e c t e d  v e r s u s  c u t t i n g  w i r e  d i a m e t e r .
T a b l e  4 . 2  s u m m a r i z e s  t h e  m a i n  f i n d i n g s  f r o m  t h e  c r o s s - c u t s
m ad e  o n  R a n g e s  5? 6  a n d  7°
4 . 7  T h e  R e s u l t s  f r o m  A n g l e d  O u t s  o n  R a n g e  7uuMfttAv in ,it- ■jaiuv. u~r i ir^mi m mi . mai   mi m .imiumi iwhhihii . nr i i
To d e t e r m i n e  i f  t h e  d e p t h  o f  d a m a g e  i n t r o d u c e d  b y  
m a c h i n i n g  o n  R a n g e  7 w a s  d e p e n d e n t  o n  t h e  o r i e n t a t i o n  o f  
t h e  c u t t i n g  w i r e  w i t h  r e s p e c t  t o  t h e  c r y s t a l  l a t t i c e ,  t w o  
c r y s t a l s  w e r e  c u t  w i t h  a  . 0 0 3 " d i a m e t e r  f i x e d  w i r e  o r i e n ­
t a t e d  f i r s t  p a r a l l e l  a n d t h e n  p e r p e n d i c u l a r  t o  t h e  b a s a l  
p l a n e .  T h e  p a t t e r n ,  d e p t h  a n d  m a g n i t u d e  o f  t h e  d a m a g e  
p r o d u c e d  b y  b o t h  t h e s e  c u t s  w e r e  t h e  s a m e  a s  t h o s e  p r o d u c e d  
b y  t h e  R a n g e  7  c r o s s - c u t  w i t h  t h e  . 0 0 3 "  w i r e ,  S e c t i o n  4 . 6 .  
F r o m  t h e s e  r e s u l t s  I t  w a s  i n f e r r e d  t h a t ,  o n  R a n g e  7? a  
c r y s t a l  c u t  i n  a n y  o r i e n t a t i o n  w i t h  a  g i v e n  w i r e  w o u l d  
e x h i b i t  t h e  d a m a g e  p r o d u c e d  b y  a  c r o s s - c u t  w i t h  t h e  sa m e  
w i r e  o
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S i n c e  t h e  s p a r k  d a m a g e  r e v e a l e d  b y  t h e  s e c o n d  e t c h  
l a y  o n  a  s u r f a c e  w h i c h  w a s  o n l y  a b o u t  1 2  m i c r o n s  b e l o w  
t h e  c r y s t a l ’ s  e x p o s e d  ( l O l O )  s u r f a c e  w h e n  i t  w a s  c u t ,  i t  
w a s  p o s s i b l e  t h a t  t h e  d a m a g e  o b s e r v e d  w a s  r e p r e s e n t a t i v e  
o n l y  o f  t h a t  i n  t h e  v i c i n i t y  o f  t h e  c r y s t a l  s u r f a c e  a n d  
n o t  o f  t h a t  i n  t h e  c r y s t a l  i n t e r i o r .  To i n v e s t i g a t e  t h i s  
p o s s i b i l i t y  t h e  ( l O l O )  s u r f a c e s  o f  t h e  t h r e e  c r y s t a l s  
c r o s s - c u t  w i t h  a  * 0 0 5 "  w i r e  o n  .R an g es  5 ,  6  a n d  7 w e r e  
p a r t i a l l y  m a s k e d  w i t h  F o r t o l a c  s e v e r a l  m i l l i m e t r e s  f r o m  
t h e  c u t s .  E a c h  c r y s t a l  w a s  t h e n  r e p e a t e d l y  p o l i s h e d  a n d  
e t c h e d  a n d  e x a m i n a t i o n s  w e r e  m ade  o f  t h e  s u c c e s s i v e  e t c h  
p i t  a r r a n g e m e n t s  a n d  t h e s e  w e r e  c o m p a r e d  w i t h  t h e  c o r r e s ­
p o n d i n g  r e s u l t  o b t a i n e d  i n  t h e  f o r e g o i n g  s e c t i o n s .
As t h e  c r y s t a l s  w e r e  m o u n t e d  o n  t h e i r  s u p p o r t i n g  
b l o c k s ,  i t  w a s  n o t  p o s s i b l e  t o  p r e s e r v e  t h e i r  c u t  e d g e s  
b y  m a s k i n g  t h e  c r y s t a l  s e c t i o n s  t h e  c u t s  e x p o s e d .  S i n c e  
e a c h  p o l i s h i n g  a n d  e t c h i n g  c y c l e  t h e r e f o r e  r o u n d e d  t h e  
c u t  e d g e s  a  l i t t l e  m o r e ,  a f t e r  t h e  f a s h i o n  o f  E i g .  4 * 1 3  
a n d  4 * 1 4 ? a n d  t h u s  c a u s e d  a n  i n c r e a s e d  l o s s  o f  e t c h a b l e  
( l O l O )  s u r f a c e  c l o s e  t o  t h e  c u t s ,  t h e  n u m b e r  o f  s u c h  
c y c l e s  w h i c h  c o u l d  b e  r e p e a t e d  o n  a  g i v e n  c r y s t a l  w a s  
l i m i t e d  b y  t h e  d e p t h  o f  d a m a g e  t h i s  h a d  o r i g i n a l l y  e x h i b ­
i t e d *  An u n c h a n g e d  d e p t h  o f  d a m a g e  w a s  o b s e r v e d  o n  e a c h  
o f  t h e s e  c r y s t a l s  w h e n  t h e  f o l l o w i n g  a m o u n t s  w e r e  r e m o v e d  
f r o m  t h e  o r i g i n a l  ( 1 0 X 0 )  s u r f a c e s j -  t h e  R a n g e  5 c u t ,
4*8 T h e  D e p t h  o f  D a m a g e  i n  t h e  C r y s t a l  I n t e r i o r
0 * 5  mm? t h e  R a n g e  6  c u t ,  0 . 2  mm, t h e  R a n g e  7 c u t ,  0 * 1  mm. 
T h e s e  r e s u l t s  d o  n o t  s h o w  c o n c l u s i v e l y  t h a t  t h e  c o m p l e t e  
c r y s t a l  c r o s s - s e c t i o n  e x h i b i t s  t h e  sa m e  d e p t h  o f  d a m a g e  
w h i c h  t h e  p r e s e n t  e x p e r i m e n t a l  p r o c e d u r e  d e t e c t s  c l o s e  t o  
t h e  c r y s t a l  s u r f a c e  b u t  m ay  b e  i n t e r p r e t e d  a s  s u g g e s t i n g  
t h a t  t h i s  i s  t h e  c a s e .
4 ® 9  T h e  G e n e r a l  P e r f o r m a n c e  o f  t h e S e r v o m e t
I f  c r y s t a l s  w e r e  c u t  o n  R a n g e s  1 t o  4  t h e  ( l O l O )  
s u r f a c e  i m m e d i a t e l y  a r o u n d  e a c h  c u t  w a s  s u b s e q u e n t l y  f o u n d  
t o  b e  c o v e r e d  w i t h  a  g r a n u l a r  d e p o s i t  o f  c a d m i u m .  T h i s  
w a s  m a t e r i a l  w h i c h  h a d  b e e n  e v a p o r a t e d  f r o m  t h e  c u t  a n d  
t h e n  h a d  c o n d e n s e d  on  t h e  c o l d  c r y s t a l  s u r f a c e .  S u c h  a  
d e p o s i t  w a s  r e m o v a b l e  o n l y  b y  m e c h a n i c a l  m e a n s  a n d  m ade  
t h e  u s e  o f  t h e  p r e s e n t  m e t h o d  o f  a s s e s s i n g  d a m a g e  o n  t h e s e  
r a n g e s  i m p o s s i b l e .
G u t s  m ad e  o n  R a n g e s  5 ,  6  a n d  7 w i t h  a  s e r i e s  o f  w i r e s  
o f  k n o w n  d i a m e t e r s  r e v e a l e d  t h a t  e a c h  r a n g e  p r o d u c e d  a  
c u t  w h i c h  w a s  w i d e r  t h a n  t h e  c u t t i n g  w i r e .  F o r  w i r e s  o f  
. 0 1 0 "  d i a m e t e r  a n d  a b o v e  R a n g e s  5 a n d  6  p r o d u c e d  c u t s  . 0 0 3 "  
a n d  o C 0 2 n o v e r s i z e  r e s p e c t i v e l y ,  w h i l s t  f o r  w i r e s  b e l o w  
. 0 1 0 "  d i a m e t e r  t h e  c u t s  w e r e  . 0 0 2 "  a n d  . 0 0 1 5 "  o v e r s i z e  
r e s p e c t i v e l y .  F o r  a l l  w i r e s  R a n g e  7 p r o d u c e d  c u t s  . 0 0 1 "  
o v e r s i z e .
On e a c h  o f  t h e  R a n g e s  5 ,  6  a n d  7 c r y s t a l s  w e r e  p a r t e d  
b y  a  c r o s s - c u t  w i t h  a  s e r i e s  o f  w i r e s  o f  d i f f e r e n t  d i a ­
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m e t e r s  a n d  t h e  t i m e s  t o  p a r t i n g  n o t e d .  T h i s  i n f o r m a t i o n  
t o g e t h e r  w i t h  t h e  k n o w l e d g e  o f  t h e  c u t  w i d t h s  p r o d u c e d  b y  
t h e s e  w i r e s  e n a b l e d  e s t i m a t e s  t o  b e  m ad e  o f  t h e  r a t e  o f  
r e m o v a l  o f  c a d m iu m  d u r i n g  t h e  m a c h i n i n g  p r o c e s s .  To 
w i t h i n  2 0 %  t h e  r a t e  o f  r e m o v a l  o f  m a t e r i a l  o n  a  g i v e n  
r a n g e  w a s  f o u n d  t o  b e  i n d e p e n d e n t  o f  t h e  d i a m e t e r  o f  t h e  
c u t t i n g  w i r e . H e n c e  a  p a r t i n g  o p e r a t i o n  o n  a  g i v e n  r a n g e  
c o u l d  b e  a c h i e v e d  m o s t  s p e e d i l y  b y  u s i n g  a s  a  c u t t i n g  w i r e  
o n e  w i t h  t h e  m in im u m  d i a m e t e r  n e e d e d  t o  c o m p l e t e  t h e  c u t .  
T h e  r a t e  o f  r e m o v a l  o f  m a t e r i a l  o n  R a n g e  5  w a s  t w i c e  t h a t  
o n  R a n g e  6  w h i c h  i n  t u r n  w a s  n i n e  t i m e s  t h a t  o n  R a n g e  7 .
T h e  e f f e c t  o f  t h e  g a p  c o n t r o l  p o s i t i o n  o n  t h e  r a t e  
o f  r e m o v a l  o f  m a t e r i a l  w a s  i n v e s t i g a t e d  b y  m a k i n g  t i m e d  
p a r t i n g  c u t s  w i t h  a  <,005” d i a m e t e r  w i r e  o n  R a n g e  6 .  T h e s e  
s h o w e d  t h a t  t h e  t i m e  t a k e n  t o  p a r t  a  c r y s t a l  b y  a  c r o s s - c u t  
w i t h  t h e  g a p  c o n t r o l  s e t  a t  m in i m u m ,  a  m e a n  g a p  v o l t a g e  
o f  5 0  V ,  w a s , d e s p i t e  t h e  b u m p i n g  w h i c h  o c c u r r e d  d u r i n g  
t h i s  c u t ,  a b o u t  o n e  t h i r d  o f  t h e  t i m e  t a k e n  t o  p e r f o r m  t h e  
s a m e  c u t  w i t h  t h e  g a p  c o n t r o l  s e t  a t  m ax im u m ,  a  m e a n  g a p  
v o l t a g e  o f  2 5 0  V®
4 * 1 0  C o n c l u s i o n s  a n d  Ob s e r v a t i o n s  o n  S p a r k  Mach i n i n g
F r o m  t h e  p r e s e n t  w o r k  i t  i s  c l e a r  t h a t  t h e  n a t u r e  a n d  
d e p t h  o f  t h e  d a m a g e  i n t r o d u c e d  i n t o  c a d m iu m  c r y s t a l s  b y  
s p a r k  e r o s i o n  m a c h i n i n g  w i t h  a  f i x e d  w i r e  c u t t i n g  t o o l  
d e p e n d  q u i t e  m a r k e d l y ,  n o t  o n l y  o n  t h e  e n e r g y  o f  t h e  s p a r k s
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e m p l o y e d ,  b u t  a l s o  o n  t h e  d i a m e t e r  o f  t h e  c u t t i n g  w i r e  
u s e d .  T h i s  l a t t e r  r e s u l t  h a s  n o t  b e e n  r e p o r t e d  b e f o r e  
a n d  i s  c l e a r l y  o f  s i g n i f i c a n c e  i f  t h e  d a m a g e  i n j e c t e d  
i n t o  c r y s t a l s  s e c t i o n e d  f o r  e l e c t r o n  m i c r o s c o p y  i s  t o  b e  
m i n i m i z e d .
I f  t h e  r e s u l t s  o b t a i n e d  c a n  b e  g e n e r a l i z e d ,  t h e  f o l ­
l o w i n g  p r o c e d u r e  i s  r e c o m m e n d e d  w hen  t h e  S e r v o m e t  i s  
r e q u i r e d  t o  p r o d u c e  c r y s t a l  s e c t i o n s  w h i c h  c o n t a i n  t h e  
m in im u m  d a m a g e  d u e  t o  s p a r k  m a c h i n i n g .  T h e  s p a r k  e n e r g y  
u s e d  f o r  c u t t i n g  s h o u l d  b e  t h e  m in im u m  w i t h  w h i c h  t h e  
s e r v o - m e c h a n i s m  c a n  w o r k  w i t h o u t  b u m p i n g .  M i n i m i z a t i o n  
m ay  b e  a c h i e v e d  t h r o u g h  t h e  g a p  c o n t r o l  p o s i t i o n  a n d  g i v e s  
t h e  a d d i t i o n a l  a d v a n t a g e  o f  t h e  f a s t e s t  c u t t i n g  t i m e .
T h e  d i a m e t e r  o f  t h e  c u t t i n g  w i r e  u s e d  s h o u l d  b e  t h e  m in im u m  
r e q u i r e d  t o  c o m p l e t e  t h e  c u t  w i t h o u t  b r e a k i n g  a n d  t h e  
m e t h o d  o f  s u p p o r t i n g  t h e  w i r e  s h o u l d  e n s u r e  t h a t  t h i s  
n e v e r  t o u c h e s  t h e  c r y s t a l  d u r i n g  c u t t i n g .  T h i s  a l s o  
g i v e s  t h e  a d d i t i o n a l  a d v a n t a g e  o f  t h e  f a s t e s t  c u t t i n g  t im e ®  
W h i l e  c u t t i n g  i s  i n  p r o g r e s s  i t  i s  c o n s i d e r e d  t h a t  i f  t h e  
p a r a f f i n  i s  c i r c u l a t e d  i n  a  g e n e r a l  m a n n e r  a n d  f i l t e r e d  
t h a t  t h i s  w i l l  h e l p  t o  m i n i m i z e  m a c h i n i n g  d a m a g e ,  f o r ,  b y  
r e m o v i n g  d e b r i s  f r o m  t h e  c u t ,  t h i s  p r o c e d u r e  r e d u c e s  t h e  
r i s k  o f  bu m pin g ®  H o w e v e r ,  t h e  S e r v o m e t f s  pump h o s e  s h o u l d  
n o t  b e  u s e d  t o  d i r e c t  p a r a f f i n  i n t o  t h e  c u t  d e l i b e r a t e l y  
i f  a  w i r e  u n d e r  . 0 0 5 "  d i a m e t e r  i s  b e i n g  u s e d ,  f o r  t h i s
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w i l l  c a u s e  w i r e  v i b r a t i o n  a n d  c o n s e q u e n t  b u m p i n g  t o  
o c c u r .
S i n c e  t h i s  w o r k  o n  s p a r k  d a m a g e  w a s  c o m p l e t e d  M e t a l s  
R e s e a r c h  h a v e  m a d e  a v a i l a b l e  t h e  f o u r  n e w  u l t r a - f i n e  
R a n g e s  8  t o  1 1  f o r  t h e  SMD, T a b l e  4 . 1 .  As t h e  e f f e c t i v e  
d i s c h a r g e  c a p a c i t a n c e  o f  * 0 0 0 2 5 mF  o n  R a n g e  7 i s  c o m p o s e d  
a l m o s t  e n t i r e l y  o f  i r r e d u c i b l e  s t r a y s ,  R a n g e s  8  t o  1 1  
n e c e s s a r i l y  c a r r y  t h i s  s a m e  c a p a c i t a n c e  a n d  h e n c e  h a v e  t h e  
s a m e  s p a r k  e n e r g y  a s  R a n g e  7 .  H o w e v e r *  t h e s e  r a n g e s  d o  
h a v e  a  r e d u c e d  s p a r k  r e p e t i t i o n  f r e q u e n c y  a n d  t h o u g h  i t  
i s  c o n s i d e r e d  u n l i k e l y  t h a t  t h e y  w i l l  p r o d u c e  a  r e d u c t i o n  
o f  t h e  R a n g e  7 d e p t h s  o f  d a m a g e ,  t h e i r  p e r f o r m a n c e  m e r i t s  
a n  i n v e s t i g a t i o n .  Some c u t s  h a v e  b e e n  m ad e  o n  t h e s e  
r a n g e s  w i t h  . 0 0 2 "  a n d  . 0 0 1 "  d i a m e t e r  f i x e d  w i r e s  a n d  h a v e  
s h o w n  t h a t  a  m o d i f i c a t i o n  o f  t h e  m a c h i n e ’ s  s e r v o - s y s t e m  
w i l l  b e  n e c e s s a r y  i f  s u c h  f i n e  w i r e s  a r e  t o  b e  c a p a b l e  o f  
p r o d u c i n g  c u t s  w i t h o u t  b u m p i n g .  T h e s e  c u t s  h a v e  a l s o  
s h o w n  t h a t  t h e  m a c h i n i n g  d e b r i s  p r o d u c e d  i n  t h e m  c a n n o t  
b e  c l e a r e d  b y  t h e  n a t u r a l  t u r b u l e n c e  c a u s e d  b y  s p a r k s  o f  
t h i s  e n e r g y  p r o d u c e d  a t  t h e s e  l o w e r  r e p e t i t i o n  f r e q u e n c i e s .  
C o n s e q u e n t l y ,  t h e  d e v e l o p m e n t  o f  t h e  m a c h i n e  m o d i f i c a t i o n  
a n d  a  s u i t a b l e  d e b r i s  c l e a r i n g  m e c h a n i s m  m u s t  n e c e s s a r i l y  
p r e c e d e  a n  a s s e s s m e n t  o f  t h e  p e r f o r m a n c e s  o f  t h e s e  r a n g e s  
w h e n  t h e y  a r e  u s e d  w i t h  f i n e  w i r e  c u t t i n g  t o o l s .
As t h e  d e p t h  o f  d a m a g e  p r o d u c e d  o n  R a n g e  7 w a s  h i g h l y
r a n g e  8 0 0  t o  1 0 0  m i c r o n s ,  i t  e a a m o t  h e  s a i d  t h a t  t h e
l i n e a r  l a w  o f  h a r d n e s s  v e r s u s  d e p t h  o f  d a m a g e  p r o p o s e d  "by 
M e t a l s  R e s e a r c h  i s  v a l i d  u n l e s s  i t  i s  f o r m u l a t e d  f o r  a  
p a r t i c u l a r  t y p e  o f  c u t t i n g  t o o l .
The p r e s e n t  i n v e s t i g a t i o n  i n d i c a t e s  t h a t  a  f u r t h e r  
r e d u c t i o n  i n  t h e  d e p t h  o f  d a m a g e  p r o d u c e d  b y  s p a r k  e r o s i o n
m a c h i n i n g  c o u l d  b e  a c h i e v e d  b y  r e d u c i n g  b o t h  t h e  s p a r k
e n e r g y  a n d  t h e  d i a m e t e r  o f  t h e  c u t t i n g  w i r e  u s e d .  T h e  
d e v e l o p m e n t  o f  a  s u i t a b l e  c o n t i n u o u s  c u t t i n g  m a c h i n e  l i k e  
t h e  S e r v o m e t  w o u l d  r e q u i r e  t h e  u s e  o f  s p a r k  e n e r g i e s  o f  
l e s s  t h a n  50  e r g s  w h i c h  w o u l d  h a v e  t o  b e  p r o d u c e d  a t  r e ­
p e t i t i o n  f r e q u e n c i e s  i n  e x c e s s  o f  2 0 0  k c / s  t o  p r o d u c e  
s u f f i c i e n t  l o c a l  t u r b u l e n c e  i n  t h e  l i q u i d  d i e l e c t r i c  t o  
k e e p  a  c u t  m ad e  w i t h  a  f i n e  w i r e  f r e e  o f  m a c h i n i n g  d e b r i s .  
T he  d e v e l o p m e n t  o f  a  s u i t a b l e  c u t t i n g  t o o l  m ay  b e  p r o p o s e d  
f r o m  som e o b s e r v a t i o n s  m ade  d u r i n g  t h e  p r e s e n t  w o r k .
An i n s p e c t i o n  o f  w i r e s  w h i c h  h a d  b e e n  e r o d e d  t o  t h e i r  
b r e a k i n g p o i n t s  r e v e a l e d  t h a t  s p a r k  e r o s i o n  p r o d u c e d  o n  
e a c h  o f  t h e m  a  f l a t  w h i c h  w as  p a r a l l e l  t o  t h e  e x p o s e d  
( l O l O )  c r y s t a l  s u r f a c e  i . e .  t h e  f l a t  h a !  a s  i t s  n o r m a l  t h e  
d i r e c t i o n  o f  m o t i o n  o f  t h e  w i r e .  T h i s  s h o w e d  t h a t  c u t t i n g  
w a s  a c h i e v e d  p r i m a r i l y  b y  s p a r k s  b e i n g  d i s c h a r g e d  t o  t h e  
b o t t o m  o f  t h e  c u t  a n d  t h a t  l i t t l e  s p a r k i n g  o c c u r r e d  b e ­
t w e e n  t h e  s i d e s  o f  t h e  c u t t i n g  w i r e  a n d  t h e  w a l l s  o f  t h e
d e p e n d e n t  o n  t h e  t y p e  o f  c u t t i n g  w i r e  u s e d  a n d  f e l l  i n  t h e
-  1 4 0  -
f o r m e d  c u t *  T h i s  o b s e r v a t i o n  s u g g e s t s  t h a t  i t  m i g h t  b e  
p o s s i b l e  t o  u s e  a  t h i n  f o i l  t o  p r o d u c e  a  p a r t i n g  c u t  w h i c h  
c o u l d  n o t  b e  c o m p l e t e d  b y  a  w i r e  o f  t h e  sa m e  t h i c k n e s s .
T h e  d i r e c t i o n  o f  m o t i o n  o f  s u c h  a  f o i l  w o u l d  h a v e  t o  l i e  
a c c u r a t e l y  i n  t h e  p l a n e  o f  t h e  f o i l  a n d  o n l y  f u r t h e r  e x ­
p e r i m e n t a l  w o r k  w o u l d  s h o w  i f  t h e  l a r g e r  b u l k  o f  a  f o i l  
w o u l d  i n c r e a s e  t h e  d e p t h  o f  d a m a g e  o b t a i n e d  w i t h  a  w i r e  
o f  t h e  sa m e  t h i c k n e s s .
An a l t e r n a t i v e  c u t t i n g  t o o l  w o u l d  r e s t  w i t h  t h e  d e v e l ­
o p m e n t  o f  a  m o v i n g  w i r e  s l i c e r  d e s i g n e d  s p e c i f i c a l l y  t o  
c a r r y  w i r e s  o f  l e s s  t h a n  . 0 0 5 "  d i a m e t e r .  T h i s  c o u l d  b e  
a n  i m p r o v e d  v e r s i o n  o f  t h e  p r e s e n t  f i x e d  w i r e  s l i c e r  i n  
w h i c h  t h e  f o r k  w a s  m o t o r  d r i v e n  d u r i n g  c u t t i n g  t o  m ove  
t h e  w i r e  a c c u r a t e l y  i n  t h e  d i r e c t i o n  o f  i t s  l e n g t h  t h r o u g h  
t h e  c u t .  A l t e r n a t i v e l y ,  i t  c o u l d  b e  a n  i m p r o v e d  v e r s i o n  
o f  t h e  p r e s e n t  S e r v o m e t  m o v i n g  w i r e  s l i c e r ,  i n  w h i c h  c a s e  
i t s  e s s e n t i a l  c h a r a c t e r i s t i c s  s h o u l d  b e  i t s  a b i l i t y  t o  
k e e p  t h e  w i r e  a t  a  u n i f o r m  t e n s i o n ,  f r e e  o f  k i n k s ,  w h i c h  
c o u l d  p r o d u c e  b u m p i n g  w h e n  w i t h i n  t h e  c u t , a n d  t r a v e l l i n g  
a c c u r a t e l y  i n  t h e  d i r e c t i o n  o f  i t s  l e n g t h .
As t h i s  i n v e s t i g a t i o n  h a s  s h o w n  t h a t  t h e  d e p t h  o f  
s p a r k  d a m a g e  c a n  b e  r e d u c e d  b y  r e d u c i n g  t h e  d i a m e t e r  o f  a  
c u t t i n g  w i r e ,  i t  i s  g e r m a n e  t o  e n q u i r e  i f  r e d u c i n g  t h e  
w a l l  t h i c k n e s s  o f  a  t r e p a n n i n g  t o o l  a n d  t h e  s i z e  o f  a  
s p a r k  p l a n e r  w o u l d  a l s o  p r o d u c e  t h e  sa m e  e f f e c t .  I t  i s
«=* 3 - 4 - 1  •”
s u g g e s t e d  t h a t  a n  i n v e s t i g a t i o n  i n t o  t h e s e  p o s s i b i l i t i e s  
w o u l d  b e  p r o f i t a b l e .
T h e  o b j e c t  o f  t h i s  i n v e s t i g a t i o n  h a d  b e e n  t o  p r o v i d e  
q u a n t i t a t i v e  i n f o r m a t i o n  o n  t h e  a m o u n t  a n d  d e p t h  o f  d a m a g e  
s p a r k  e r o s i o n  m a c h i n i n g  i n j e c t e d  i n t o  t h e  p r e s e n t  c a d m iu m  
s i n g l e  c r y s t a l s ,  s o  t h a t  t h i s  t e c h n i q u e  c o u l d  b e  u s e d  t o  
p r o d u c e  s e c t i o n s  o f  d e f o r m e d  c r y s t a l s  f r o m  w h i c h  f o i l s  
f r e e  f r o m  s e c t i o n i n g  d a m a g e  c o u l d  b e  p r e p a r e d  f o r  t r a n s ­
m i s s i o n  e l e c t r o n  m i c r o s c o p y .  T he  r e s u l t s  o b t a i n e d  m ade  
i t  p o s s i b l e  t o  u s e  s p a r k  c u t t i n g  w i t h  c o n f i d e n c e  t o  p r o d u c e  
s u c h  f o i l s  a n d  t h e  r e s u l t s  o b t a i n e d  f r o m  f o i l s  t h i n n e d  
f r o m  s e c t i o n e d  u n d e f o r m e d  c r y s t a l s  a r e  p r e s e n t e d  i n  
A p p e n d i x  3*
«*» 1 4 - 2  —
F i g .  4 * 1  T h e  p r i n c i p l e  o f  o p e r a t i o n  o f  t h e  S e r v o m e t .
RANGE R
( o h m s )
° 
£ 
.
EFFECTIVE
0
O f )
SPARK 
ENERGY 
AT 2 0 0 V .  
( e r g s )
SPARK
REPETITION
FREQUENCY
( k c / s )
1 2 7 3 0 3 0 6 . 1 0 6 1 . 3
2 4 3 6 6 1 2 . 1 0 5 2®0
3 1 0 8 1 l 2 . 1 0 5 9 * 2
4 2 3 5 *25 *>25 5 . 1 0 4 1 7
5 4 2 0 o 05 . 0 5 1 0 ^ 4 8
6 IK *01 . 0 1 2 . 1 0 5 1 0 0
7 8«2 K * 0 0 0 0 1 . 0 0 0 2 5 5 0 2 0 0
8 22K * 0 0 0 0 1 . 0 0 0 2 5 5 0 7 5
9 47K . 0 0 0 0 1 . 0 0 0 2 5 5 0 3 5
1 0 10 0K * 0 0 0 0 1 . 0 0 0 2 5 5 0 1 6
1 1 220K * 0 0 0 0 1 . 0 0 0 2 5 50 7 * 5
T a b l e  4 * 1  T h e  e l e v e n  s p a r k  r e g i m e s  o f  t h e  S e r v o m e t  SMD®
-  1 4 3  -
F i g .  4 . 2  T h e  c r y s t a l  a n d  f i x e d  w i r e  s l i c e r  p o s i t i o n e d  f o r  
m a k i n g  a  c r o s s - c u t .
( N o t e  w i r e ' s  r e f l e c t i o n  i n  c r y s t a l ' s  ( l O l O )  s u r f a c e . )
1- 1 4 4  -
F i g .  4 . 3  S c h e m a t i c  d i a g r a m  o f  t h e  d a m a g e  i n t r o d u c e d  
b y  t h e  f i x e d  w i r e  s p a r k  s l i c e r  o n  R a n g e  5 .
F i g .  4 . 4  F a r t  o f  a  c u t  m ade  w i t h  a  . 0 0 3 ” f i x e d  w i r e  
o n  R a n g e  5 .  x lOO
F i g .  4 . 5  An a r e a  o f  t h e  s u r f a c e  o f  a  c r y s t a l  b e f o r e  
s p a r k  c u t t i n g .  T h e  c r y s t a l  h a s  b e e n  e t c h e d  f o r  t h e  
f i r s t  t i m e .  x lOO
( T h e  p o s i t i o n  o f  t h i s  a r e a  i s  i n d i c a t e d  i n  F i g .  4 . 5 )
F i g .  4 . 6  T h e  sa m e  a r e a  a s  F i g .  4 . 5  a f t e r  t h e  c r y s t a l  
h a d  b e e n  c u t  w i t h  a  . 0 0 3 ” f i x e d  w i r e  o n  R a n g e  5 a n d  
e t c h e d  f o r  t h e  s e c o n d  t i m e .  x lOO
( N o t e  t h e  u n d i s t u r b e d  e t c h  p i t  a r r a n g e m e n t s  i n  t h e  
c o r r e s p o n d i n g  r i n g e d  a r e a s . )
- 1 4 6  -
F i g .  4 . 7  S c h e m a t i c  d i a g r a m  o f  t h e  d a m a g e  i n t r o d u c e d  
b y  t h e  f i x e d  w i r e  s p a r k  s l i c e r  o n  R a n g e  6 .
F i g .  4 . 8  P a r t  o f  a  c u t  m ad e  w i t h  a  . 0 0 3 "  f i x e d  w i r e  
o n  R a n g e  6 -  x lOO
F i g .  4 . 9  F a r t  o f  a  c u t  m ade  w i t h  a  . 0 0 5 "  f i x e d  w i r e  
o n  R a n g e  6 .  x lOO
( T h e  c r y s t a l  h a s  b e e n  e t c h e d  f o r  t h e  s e c o n d  t i m e . )
-  1 4 8  -
F i g .  4 . 1 0  P a r t  o f  a  c u t  m a d e  w i t h  a  . 0 0 3 "  f i x e d  w i r e  
o n  R a n g e  7 .  x lOO
( T h e  b l a c k  d e p o s i t  a l o n g  t h e  c u t  i s  a d h e r i n g  m a c h i n i n g  
d e b r i s . )
F i g .  4 . 1 1  T h e  sa m e  a r e a  a s  F i g .  4 . 1 0  a f t e r  t h e  s e c o n d  
e t c h .  xlOO
( N o t e  t h e  u n d i s t u r b e d  e t c h  p i t  a r r a n g e m e n t s  i n  t h e  
c o r r e s p o n d i n g  r i n g e d  a r e a s . )
-  1 4 9  -
F i g .  4 . 1 2  P a r t  o f  a  c u t  m ade  w i t h  a  . 0 0 1 "  f i x e d  w i r e  
o n  R a n g e  7 .  x lOO
( T h e  c r y s t a l  h a s  b e e n  e t c h e d  f o r  t h e  s e c o n d  t i m e . )
- 1 5 0  -
F i g .  4 . 1 5  P a r t  o f  a  c u t  m ad e  w i t h  a  . 0 1 8 "  m o v i n g  w i r e  
o n  R a n g e  7 .  x lOO
F i g .  4 . 1 4  T he  sa m e  a r e a  a s  F i g .  4 . 1 3  a f t e r  t h e  s e c o n d  
e t c h .  x lOO
( N o t e  t h e  u n d i s t u r b e d  e t c h  p i t  a r r a n g e m e n t s  i n  t h e  
c o r r e s p o n d i n g  r i n g e d  a r e a s . )
- 1 5 1  -
M .D .D .
(mm)
Fig® 4® 15 Maximum d e p t h  o f  d a m a g e  ( M . D . D . )  i n j e c t e d  by- 
s p a r k  s l i c i n g  o n  R a n g e  7 v e r s u s  c u t t i n g  w i r e  d i a m e t e r  (6 )®
1 5 2
T a b l e  4 * 2  A s u m m a r y  o f  t h e  m a i n  f i n d i n g s  f r o m  t h e  c r o s s  
- c u t s  m ade  o n  t h e  S e r v o m e t  SMD.
- 1 5 3
CHAPTER 5
THE DISLOCATION DENSITY I N  CADMIUM SINGLE CRYSTALS
DEFORMED I N  TENSION
Cadm ium  s i n g l e  c r y s t a l s  o f  t h e  t y p e  d e s c r i b e d  i n  
C h a p t e r  2 w e r e  d e f o r m e d  i n  t e n s i o n  b y  s i n g l e  s l i p  o n  t h e  
( 0 0 0 1 ) [ l 2 X o ]  s y s t e m  a n d  t h e i r  d i s l o c a t i o n  d e n s i t y  w a s  d e ­
t e r m i n e d  b o t h  b e f o r e  a n d  a f t e r  d e f o r m a t i o n  w i t h  t h e  1 °/b 
n i t a l  d i s l o c a t i o n  e t c h ®  T h e  e x p e r i m e n t a l  p r o c e d u r e  a d o p t ­
e d  w as  d i c t a t e d  b y  t h e  m e c h a n i c a l  s o f t n e s s  o f  t h e  c r y s t a l s ,  
t h e i r  t e n d e n c y  t o  d e f o r m  b y  k i n k i n g ,  t h e  r a p i d  r e c o v e r y  a t  
r o o m  t e m p e r a t u r e  c o m m o n ly  e x h i b i t e d  b y  d e f o r m e d  c a d m iu m  
c r y s t a l s  a n d  t h e  r e q u i r e m e n t s  o f  t h e  r e s i d u a l  r e s i s t i v i t y  
e x p e r i m e n t s  w h i c h  w e r e  s u b s e q u e n t l y  p e r f o r m e d  w i t h  t h e  d e ­
f o r m e d  c r y s t a l s ,  C h a p t e r  6 .  The  r e s u l t s  o b t a i n e d  a r e  
c o m p a r e d  w i t h  t h o s e  o f  t h e  o n l y  tw o  r e p o r t e d  i n v e s t i g a t i o n s  
w h i c h  h a v e  s t u d i e d  t h e  i n c r e a s e  o f  d i s l o c a t i o n  d e n s i t y  w i t h  
s t r a i n  f o r  s i n g l e  c r y s t a l s  o f  a  h e x a g o n a l  m e t a l  d e f o r m e d  
i n  t e n s i o n .
5* 1 T he  P r o b l e m s  o f  T e n s i l e  K i n k i n g  a n d  R e c o v e r y
B l a s d a l e  a n d  K i n g  ( 1 8 )  h a v e  i n v e s t i g a t e d  t e n s i l e  
k i n k i n g  i n  1 a n d  2 mm d i a m e t e r  c y l i n d r i c a l  s i n g l e  c r y s t a l s  
o f  h i g h - p u r i t y  c a d m iu m  a n d  h a v e  r e p o r t e d  t h a t  c r y s t a l s  
e x t e n d e d  a t  a  r a t e  o f  1 6 . 6  c m / h r  o v e r  t h e  t e m p e r a t u r e  
r a n g e  - 1 6 5 ° C  t o  1 5 0 ° C  s h o w e d  t h a t  t h e  t e n d e n c y  t o  f o r m  
k i n k s  w as  a  maximum a t  a b o u t  r o o m  t e m p e r a t u r e .  F u r t h e r
- 1 5 4  -
e x p e r i m e n t s  c a r r i e d  o u t  a t  s t r a i n  r a t e s  o f  4 1 5  a n d  0 . 6 6  
c m / h r  s h o w e d  t h a t  t h e  f o r m  o f  t e m p e r a t u r e  v a r i a t i o n  w a s  
n o t  c h a n g e d  b y  a l t e r i n g  t h e  s t r a i n  r a t e  b u t  t h a t  t h e  p o s i ­
t i o n  o f  t h e  m axim um  s h i f t e d  t o  h i g h e r  t e m p e r a t u r e s  a s  t h e  
s t r a i n  r a t e  w a s  i n c r e a s e d .  E x t e n d i n g  t h i s  w o r k  t o  s q u a r e  
s e c t i o n  c r y s t a l s  s i m i l a r  t o  t h o s e  d e s c r i b e d  i n  C h a p t e r  2 ,  
B l a s d a l e  e t  a l .  ( 1 9 )  r e p o r t e d  t h a t  t e n s i l e  k i n k s  f o r m e d  i n  
t h e s e  l a r g e r  s p e c i m e n s  o n l y  w hen  t h e i r  e n d s  w e r e  f r e e  t o  
r o t a t e  t o  a c c o m m o d a t e  t h e  l a t e r a l  d e f l e c t i o n  i n t r o d u c e d  
b y  a  k i n k .  T h e y  a c h i e v e d  f r e e  r o t a t i o n  o f  a  c r y s t a l ' s  
g r i p p e d  e n d s  b y  c e m e n t i n g  o n  t o  e a c h  o f  t h e m  a  l i g h t  s t a i n ­
l e s s  s t e e l  e n d - p i e c e  p r o v i d e d  w i t h  tw o  p i v o t  h o l e s  w h o s e  
common a x i s  w a s  p e r p e n d i c u l a r  t o  t h e  c r y s t a l ' s  e d g e  ( l O l O )  
f a c e s ,  P i g *  2 . 1 .
D e f o r m e d  c a d m iu m  c o m m o n ly  e x h i b i t s  r a p i d  r e c o v e r y  a t  
r o o m  t e m p e r a t u r e  ( 4 0 )  a n d  i n  h i s  w o r k  on  d e f o r m e d  c a d m iu m  
p l a t e l e t s  P r i c e  ( 5 0 ,  5 1 )  h a s  sh o w n  t h a t  e l o n g a t e d  s e s s i l e  
d i s l o c a t i o n  l o o p s  f o r m e d  o n  t h e  b a s a l  p l a n e  w e r e  o n l y  
s t a b l e  a t  t e m p e r a t u r e s  b e l o w  - 1 2 0 ° C .  M ore  r e c e n t l y  S h a r p  
e t  a l .  ( 6 9 )  h a v e  i n v e s t i g a t e d  t h e  r e c o v e r y  o f  b u l k  s i n g l e  
a n d  p o l y c r y s t a l l i n e  c a d m iu m  d e f o r m e d  a t  9 0 ° K  b y  m a k i n g  
m e a s u r e m e n t s  o f  e l e c t r i c a l  r e s i s t a n c e  a t  90 °K  a f t e r  d e f o r m ­
e d  s p e c i m e n s  h a d  b e e n  g i v e n  i s o c h r o n a l  a n n e a l s  a t  v a r i o u s  
t e m p e r a t u r e s .  T h e y  o b s e r v e d  t h r e e  a n n e a l i n g  s t a g e s  i n  t h e  
r e s i s t i v i t y  r e c o v e r y  o f  s i n g l e  c r y s t a l s  a n d  c o n c l u d e d  t h a t  
t h e  o n s e t  o f  r e c o v e r y  a t  1 9 0 ° K  t o  2 1 0 ° K  w a s  c a u s e d  b y  d i s -
l o c a t i o n  c l i m b ,  t h a t  a t  1 3 0 ° K  t o  1 5 0  °K w a s  d u e  t o  v a c a n c y  
m i g r a t i o n  b u t  t h a t  t h e  m e c h a n i s m  o f  t h e  r e c o v e r y  p r o c e s s  
w h i c h  t h e y  o b s e r v e d  a t  8 0  °K t o  1 0 0 °K w a s  n o t  k n o w n .
I f  t h e  p r e s e n t  c r y s t a l s  w e r e  t o  b e  d e f o r m e d  b y  s i n g l e  
s l i p  o n  t h e  ( 0 0 0 1 )  [ l 2 l o ]  s y s t e m  t e n s i l e  k i n k i n g  h a d  t o  b e  
s u p p r e s s e d  a n d  s e v e r a l  m e t h o d s  o f  a p p r o a c h  c o u l d  h a v e  
a c h i e v e d  t h i s  e n d *  T h e  m e t h o d  o f  m o u n t i n g  t h e  c r y s t a l s  
d u r i n g  d e f o r m a t i o n  c o u l d  h a v e  b e e n  u s e d  t o  p r o m o t e  s u p p r e s ­
s i o n  o f  t h e  f r e e  r o t a t i o n  o f  t h e i r  g r i p p e d  e n d s ,  t h e  t e m ­
p e r a t u r e  a t  w h i c h  d e f o r m a t i o n  t o o k  p l a c e  c o u l d  h a v e  b e e n  
l o w e r e d  b e l o w  o r  r a i s e d  a b o v e  ro o m  t e m p e r a t u r e  o r  h i g h  o r  
l o w  s t r a i n  r a t e s  c o m p a r a b l e  w i t h  B l a s d a l e  a n d  K i n g ’ s  4 1 5  
a n d  0 . 6 6  c m / h r  c o u l d  h a v e  b e e n  u s e d .  I t  w a s  d e c i d e d  t h a t  
a  m e t h o d  o f  m o u n t i n g  t h e  c r y s t a l s  w o u l d  b e  u s e d  w h i c h  w o u l d  
p r o m o t e  s u p p r e s s i o n  o f  t h e  f r e e  r o t a t i o n  o f  t h e i r  e n d s  
d u r i n g  t e n s i l e  d e f o r m a t i o n  b y  a l l o w i n g  t h e  c r y s t a l s  t h e  
a b i l i t y  o f  s e l f - a l i g n m e n t  b e t w e e n  p i v o t s  w h o s e  a x e s  w e r e  
p e r p e n d i c u l a r  t o  t h e  c r y s t a l ' s  s c r e w  f a c e s .  S i n c e  l o w e r ­
i n g  t h e  t e m p e r a t u r e  a t  w h i c h  d e f o r m a t i o n  t o o k  p l a c e  o r  
u s i n g  a  h i g h  s t r a i n  r a t e  w o u l d  h a v e  h a d  t h e  e f f e c t  o f  
p r o d u c i n g  a n  u n n e c e s s a r i l y  r a p i d  r e c o v e r y  r a t e  i n  d e f o r m e d  
c r y s t a l s  a t  r o o m  t e m p e r a t u r e ,  a t  w h i c h  t h e  1 %  n i t a l  d i s ­
l o c a t i o n  e t c h  w a s  u s e d ,  a n d  s i n c e  t h e  r e s t r i c t i o n s  i m p o s e d  
o n  t h e  m e t h o d  o f  m o u n t i n g  t h e  c r y s t a l s  b y  t h e  r e q u i r e m e n t s  
o f  t h e  r e s i d u a l  r e s i s t i v i t y  e x p e r i m e n t s ,  S e c t i o n  5 . 1 . 1 ,  
r u l e d  o u t  t h e  p o s s i b i l i t y  o f  d e f o r m i n g  c r y s t a l s  a t  a n
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e l e v a t e d  t e m p e r a t u r e , i t  w a s  d e c i d e d  t h a t  c o u p l e d  w i t h  t h e  
w ay  i n  w h i c h  t h e y  w e r e  m o u n t e d  t h e  c r y s t a l s  w o u l d  h e  d e ­
f o r m e d  a t  r o o m  t e m p e r a t u r e  a n d  i n i t i a l l y  a t  a  l o w  s t r a i n  
r a t e  c o m p a r a b l e  w i t h  0 . 6 6  cm /h r®  I f  t h i s  d e f o r m a t i o n  
p r o c e d u r e  d i d  n o t  s u p p r e s s  k i n k i n g  a n d  r e d u c e  r e c o v e r y  i n  
u n l o a d e d  c r y s t a l s  t o  a n  a c c e p t a b l e  l e v e l  i t  w a s  p r o p o s e d  
t h a t  t h e  s t r a i n  r a t e  w o u l d  b e  l o w e r e d  u n t i l  b o t h  t h e s e  
o b j e c t s  w e r e  a c h i e v e d .
5 . 1 . 1  T he  R e q u i r e m e n t s  o f  t h e  R e s i d u a l  R e s i s t i v i t y  
E x p e r i m e n t s
A f t e r  a  d e f o r m e d  c r y s t a l ’ s  d i s l o c a t i o n  d e n s i t y  h a d  
b e e n  d e t e r m i n e d  w i t h  t h e  1 %  n i t a l  e t c h  i t s  r e s i d u a l  r e ­
s i s t i v i t y  a t  4 . 2 ° K  w as  m e a s u r e d  b y  p l a c i n g  i t  i n  t h e  
s p e c i m e n  c o i l  s y s t e m  o f  t h e  a .c ®  r e s i s t i v i t y  a p p a r a t u s  
d e s c r i b e d  i n  C h a p t e r  6 .  F o l l o w i n g  t h i s  m e a s u r e m e n t  t h e  
c r y s t a l  w a s  r e m o v e d  f r o m  t h e  c o i l  s y s t e m ,  a n n e a l e d ,  t h e n  
r e p l a c e d  i n  t h e  c o i l  s y s t e m  t o  d e t e r m i n e  i t s  c h a n g e  i n  r e ­
s i s t i v i t y  o n  a n n e a l i n g .  T h e s e  e x p e r i m e n t s  a n d  t h e  i n t e r ­
p r e t a t i o n  o f  t h e  r e s u l t s  t h e y  y i e l d e d  r e q u i r e d  b o t h  t h a t  
t h e  c r y s t a l  c o u l d  a l w a y s  b e  c e n t r e d  i n  t h e  c o i l  s y s t e m  
w i t h  i t s  t e n s i l e  a x i s  c o i n c i d e n t  w i t h  t h e  c o i l  s y s t e m ' s  
a x i s  a n d  c o u l d  b e  r e p l a c e d  i n  t h e  c o i l  s y s t e m  a f t e r  a n n e a l ­
i n g  i n  t h e  p o s i t i o n  i t  h a d  o c c u p i e d  b e f o r e  t h e  a n n e a l .
T h e  r e s i s t i v i t y  e x p e r i m e n t s  f u r t h e r  r e q u i r e d  t h a t  t h e  d e ­
v i c e  u s e d  t o  e f f e c t  t h i s  c r y s t a l  l o c a t i o n  b e  o f  v e r y  m uch  
h i g h e r  r e s i s t i v i t y  t h a n  t h e  c r y s t a l ,  b e  c a p a b l e  o f  b e i n g
c y c l e d  b e t w e e n  r o o m  t e m p e r a t u r e  a n d  4  * 2°K w i t h o u t  s t r a i n i n g  
t h e  c r y s t a l  a n d ,  i f  p e r m a n e n t l y  a t t a c h e d  t o  t h e  c r y s t a l ,  
b e  c a p a b l e  o f  b e i n g  r a i s e d  t o  a  s a t i s f a c t o r y  a n n e a l i n g  
t e m p e r a t u r e  a n d  b e  n o n - r e a c t i v e  w i t h  t h e  c a d m iu m  c h e m i c a l  
p o l i s h i n g  a n d  e t c h i n g  s o l u t i o n s  a n d  t h e i r  w a s h i n g  s o l u t i o n s #
5 • 2 M o u n t i n g  t h e  C r y s t a l s
S i n c e  t h e  m e c h a n i c a l  s o f t n e s s  o f  t h e  c r y s t a l s  p r e ­
s c r i b e d  t h a t  i f  t h e y  w e r e  t o  r e m a i n  u n d a m a g e d  b e f o r e  t e n ­
s i l e  d e f o r m a t i o n  t h e y  c o u l d  n o t  b e  m o u n t e d  i n  t h e  s p l i t  
g r i p s  c o m m o n ly  u s e d  f o r  s u c h  w o r k ,  e n d - p i e c e s  h a d  t o  b e  
a t t a c h e d  t o  t h e  c r y s t a l s .  T h e  r e s i s t i v i t y  e x p e r i m e n t s  
d i c t a t e d  t h a t  t h e s e  e n d - p i e c e s  c o u l d  n o t  b e  m e t a l l i c  n o r  
a t t a c h e d  w i t h  s o l d e r  o r  a n y  o t h e r  l o w  r e s i s t i v i t y  m a t e r i a l  
a n d  t h e  m o s t  s u i t a b l e  h i g h  r e s i s t i v i t y  m a t e r i a l s  w h i c h  
c o u l d  b e  f o u n d  w e r e  S i n d a n y o  f o r  m a k i n g  t h e  e n d - p i e c e s  
a n d  f o r  a t t a c h i n g  t h e s e  t o  t h e  c r y s t a l s ,  t h e  A r a l d i t e  
s y s t e m  MY 7 5 0  p l u s  HY 951® E n d - p i e c e s  m ad e  o f  S i n d a n y o  
p o s s e s s e d  a l l  t h e  r e q u i r e d  p r o p e r t i e s  b u t  p r e l i m i n a r y  t e n ­
s i l e  a n d  a n n e a l i n g  e x p e r i m e n t s  r e v e a l e d  t h a t  n o t  o n l y  d i d  
t h e  A r a l d i t e  n o t  w e t  c a d m iu m  b u t  t h a t  i t  a l s o  p l a c e d  a  
l i m i t  o n  t h e  a n n e a l i n g  t e m p e r a t u r e  t o  w h i c h  t h e  m o u n t e d  
c r y s t a l s  c o u l d  b e  r a i s e d ,  C h a p t e r  6# T h e  l a t t e r  r e s t r i c ­
t i o n  c o u l d  n o t  b e  o v e r c o m e  b u t  t h e  f o r m e r  w a s  o b v i a t e d  b y  
d i m p l i n g  t h e  e n d s  o f  c r y s t a l s  a s  d e s c r i b e d  b e l o w .
n it ii
T h e  S i n d a n y o  e n d - p i e c e s  w e r e  /L6 l o n g  a n d  . 3 0 6  i n
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d i a m e t e r  a n d  c o n t a i n e d  a t  o n e  e n d  a  p o t  y L 6  d e e p  a n d  /52
1  "i n  d i a m e t e r ,  a n d  /6 f r o m  t h e  o t h e r  e n d  a  d i a m e t r a l  p i v o t
h o l e  b o r e d  a c c u r a t e l y  p e r p e n d i c u l a r  t o  t h e  a x i s  o f  t h e
1  "e n d - p i e c e  a n d  /& i n  d i a m e t e r *  E a c h  c r y s t a l  u s e d  i n  t h e  
f o l l o w i n g  d e f o r m a t i o n  s t u d y  w a s  o f  t h e  t y p e  d e s c r i b e d  i n  
C h a p t e r  2 a n d  w a s  * 1 9 0 "  s q u a r e  a n d  5 cm l o n g ,  S e c t i o n  2 * 5*  
B e f o r e  a  c r y s t a l  w a s  m o u n t e d  i n  e n d - p i e c e s  e a c h  o f  i t s  
f a c e s  w a s  d i m p l e d  b y  s p a r k  e r o s i o n  o n  t h e  S e r v o m e t 1s  R a n g e  
5 t o  a  d e p t h  o f  1 mm w i t h  a  2 mm d i a m e t e r  t u n g s t e n  r o d  
w i t h  a  r o u n d e d  e n d *  T h i s  w a s  c e n t r e d  on  e a c h  o f  t h e  tw o  
p o i n t s  o n  t h e  c e n t r e  l i n e  o f  a  f a c e  a n d  3 * 5  mm f r o m  t h e  
e n d s  o f  t h e  c r y s t a l *  T h e  c r y s t a l  w as  t h e n  p o l i s h e d  i n  
2 0 %  n i t a l  f o r  2 m i n u t e s ,  w a s h e d  i n  a l c o h o l  a n d  d r i e d *
An e n d - p i e c e  w as  p l a c e d  i n  a  c r y s t a l - m o u n t i n g  j i g  a n d  i t s  
p o t  w as  p a r t i a l l y  f i l l e d  w i t h  A r a l d i t e  i n t o  w h i c h  a n  e n d  
o f  t h e  c r y s t a l  w a s  l o w e r e d *  B o t h  t h e  e n d - p i e c e  a n d  c r y ­
s t a l  w e r e  l o c a t e d  i n  t h e  j i g  i n  a  m a n n e r  w h i c h  e n s u r e d  
t h a t  t h e y  h a d  a  common a x i s  a n d  t h a t  t h e  a x i s  o f  t h e  h o l e  
i n  t h e  e n d - p i e c e  w a s  a c c u r a t e l y  p e r p e n d i c u l a r  t o  t h e  
c r y s t a l ' s  s c r e w  f a c e *  T h e  A r a l d i t e  w as  t h e n  c u r e d  a t  
4 0 ° C  f o r  4  h o u r s  t o  p r o d u c e  t h e  n e c e s s a r y  h a r d ,  n o n - r e a c -  
t i v e  A r a l d i t e  s u r f a c e ,  S e c t i o n  4 - 3 *  A f t e r  t h i s  c u r e  t h e  
s e c o n d  e n d - p i e c e  w a s  m o u n t e d  i n  a n  i d e n t i c a l  way  t o  p r o ­
d u c e  a  f u l l y  m o u n t e d  c r y s t a l ,  F i g *  5 « 1 .  T h e  d i s p o s i t i o n  
o f  t h e  e n d - p i e c e s  a l l o w e d  s e l f - a l i g n m e n t  o f  t h e  c r y s t a l  
w h e n  i t  w a s  d e f o r m e d  b e t w e e n  s t e e l  p i n s  p a s s e d  t h r o u g h  t h e
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c h u c k s  o f  t h e  t e n s i l e  m a c h i n e  a n d  t h e  p i v o t  h o l e s ,  w h i l s t  
p r o m o t i n g  t h e  s u p p r e s s i o n  o f  t h e  r o t a t i o n  o f  t h e  c r y s t a l ’ s  
e n d s ,  S e c t i o n  5 . 1 .  T h e  d i a m e t e r  o f  t h e  e n d - p i e c e s  a n d  
t h e  u s e  o f  t h e  m o u n t i n g  j i g  e n s u r e d  t h a t  t h e  m o u n t e d  c r y ­
s t a l  c o u l d  b e  c o r r e c t l y  p o s i t i o n e d  i n  t h e  r e s i s t i v i t y  c o i l  
s y s t e m ,  S e c t i o n  5 . 1 . 1 .  T h e  p r e s e n c e  o f  t h e  f o u r  s p a r k  
m a c h i n e d  d i m p l e s  a t  e a c h  e n d  o f  t h e  c r y s t a l  m e a n t  t h a t  
d u r i n g  t e n s i l e  d e f o r m a t i o n  t h e  c r y s t a l  w a s  e f f e c t i v e l y  b e ­
i n g  h e l d  b y  f o u r  A r a l d i t e  p i p s  l o c a t e d  i n  c r y s t a l  w h i c h  h a d  
b e e n  l o c a l l y  h a r d e n e d  b y  t h e  m a c h i n i n g  p r o c e s s .  T he  m ethod  
o f  m o u n t i n g  t h e  c r y s t a l  a n d  t h e  k n o w l e d g e  o f  s p a r k  m a c h i n ­
i n g  d a m a g e  w h i c h  h a d  b e e n  g a i n e d  i n  C h a p t e r  4  e n s u r e d  t h a t  
t h e  c e n t r a l  2 cm o f  a  m o u n t e d  c r y s t a l  w as  f r e e  t o  d e f o r m  
b y  b a s a l  s l i p  a n d  c o n t a i n e d  o n l y  g r o w n - i n  d i s l o c a t i o n s .
5 * 5  P r e l i m i n a r y  I n v e s t i g a t i o n s  i n t o  T e n s i l e  K i n k i n g>» IH m i M m'Tl 11, irnti ri Ii I ■Ha.in ■unyj'ttMiA.Vni Wf. ,|I ■ n I ...... . himIiiHii i <■ < l
a n d  R e c o v e r y
M o u n t e d  c r y s t a l s  w e r e  e x t e n d e d  a t  c o n s t a n t  s t r a i n  r a t e  
o n  a  T e n s o m e t e r  ! E ! t y p e  t e s t i n g  m a c h i n e  e q u i p p e d  w i t h  a  
‘ h a r d ’ 2 5  k g  l o a d  c e l l .  T h i s  w as  f i t t e d  w i t h  a  c h u c k  f r o m  
w h i c h  a  c r y s t a l  c o u l d  h a n g  f r e e l y  f r o m  a  h a r d e n e d  s t e e l  p i n
3 »
7 5 2  i n  d i a m e t e r .  T h e  m a c h i n e ' s  i d e n t i c a l  l o w e r  c h u c k  
w a s  r i g i d l y  s u p p o r t e d  s o  t h a t  p r i o r  t o  t e s t i n g  a  c r y s t a l  
w a s  l o a d e d  w i t h  o n l y  t h e  c o m b i n e d  w e i g h t  o f  t h e  l o w e r  s t e e l  
p i n  a n d  e n d - p i e c e ,  a b o u t  2 gm.
I n i t i a l l y  c r y s t a l s  w e r e  e x t e n d e d  a t  a  s t r a i n  r a t e  o f
0 . 1  m m /m in  b u t  a t  e x t e n s i o n s  o f  a b o u t  3 0 %  t h e y  c l e a r l y  
e x h i b i t e d  a b o u t  f o u r  k i n k s  i n  t h e  e a r l y  s t a g e s  o f  d e v e l o p ­
m e n t .  T h a t  k i n k i n g  w a s  t a k i n g  p l a c e  w a s  c o n f i r m e d  b y  e t c h ­
i n g  t h e  c r y s t a l s  i n  1 %  n i t a l  a n d  l o c a t i n g  t h e  n a r r o w  b a n d s  
o f  h i g h  e t c h  p i t  d e n s i t y  a s s o c i a t e d  w i t h  k i n k s  (1 9 )®  
F u r t h e r m o r e ,  t h e  r a t e  o f  r e c o v e r y  o f  u n l o a d e d  c r y s t a l s  w as  
t o o  h i g h  t o  b e  a c c e p t a b l e  a n d  c o n s e q u e n t l y ,  i n  a c c o r d a n c e  
w i t h  S e c t i o n  5 . 1 ,  i t  w a s  d e c i d e d  t o  l o w e r  t h e  s t r a i n  r a t e  
t o  0 . 0 1  m m /m in .  B e f o r e  t h e  r e s u l t s  o f  f u r t h e r  t e n s i l e  
t e s t s  a r e  d e s c r i b e d  h o w e v e r ,  som e o b s e r v a t i o n s  m ade  d u r i n g  
t h e  t e s t s  a t  t h e  f a s t e r  s t r a i n  r a t e  a r e  w o r t h  r e p o r t i n g .
T he  n u m b e r  o f  k i n k s  o b s e r v e d  w as  m uch  l o w e r  t h a n  r e ­
p o r t e d  b y  B l a s d a l e  a n d  K i n g  ( 1 8 )  u n d e r  s i m i l a r  t e s t i n g  
c o n d i t i o n s  a n d  a l l  t h e  k i n k s  w e r e  u n s t a b l e ,  t h a t  i s  t h e y  
d i s a p p e a r e d  o n  c o n t i n u e d  e x t e n s i o n  (19 )®  T h e s e  tw o  o b ­
s e r v a t i o n s  i n d i c a t e d  t h a t  t h e  m e t h o d  o f  m o u n t i n g  t h e  c r y ­
s t a l s  w a s  s u c c e s s f u l l y  s u p p r e s s i n g  t h e  r o t a t i o n  o f  t h e i r  
e n d s .  I t  w a s  o b s e r v e d  t h a t  c r y s t a l s  e x t e n d e d  a t  0 . 1  m m /m in  
e x h i b i t e d  a  v e r y  m a r k e d  e l a s t i c  a f t e r - e f f e c t  ( 1 0 2 )  o n  u n ­
l o a d i n g .  A c r y s t a l  w h i c h  h a d  y i e l d e d  a t  a  l o a d  o f  1 k g  
a n d  b e e n  e x t e n d e d  1 2 5 %  w a s  q u i c k l y  u n l o a d e d  t o  j u s t  z e r o  
l o a d  a n d  l e f t  t o  r e c o v e r  a g a i n s t  t h e  b e a m  o f  t h e  l o a d  c e l l .  
D u r i n g  t h e  f o l l o w i n g  h o u r  t h i s  c e l l  r e c o r d e d  a n  e v e r  i n ­
c r e a s i n g  l o a d  w h i c h  s t o p p e d  r i s i n g  a f t e r  1 h o u r  a n d  t h e n  
m a i n t a i n e d  i t s  maximum v a l u e  o f  3 0 0  gm, w h i c h  c o r r e s p o n d e d  
t o  a  s t r a i n  r e l a x a t i o n  o f  a b o u t  0 . 0 2 % .  Some o f  t h e
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c r y s t a l s  w h i c h  h a d  b e e n  e x t e n d e d  a t  t h i s  s t r a i n  r a t e  w e r e  
s u b j e c t e d  t o  a  v a r i e t y  o f  a n n e a l i n g  p r o c e d u r e s  i n  a  s e a r c h  
f o r  o n e  w h i c h  w a s  s u i t a b l e  f o r  t h e  r e s i s t i v i t y  e x p e r i m e n t s .  
C h a p t e r  6® One s u c h  c r y s t a l  w h i c h  h a d  y i e l d e d  a t  a  l o a d  
o f  1 k g  a n d  b e c o m e  e x t e n d e d  2 0 0 %  a t  a  l o a d  o f  5  k g  h a d  
t h e n  b e e n  a n n e a l e d  i n  a i r  a t  1 4 0 ° C  f o r  2 weeks® When i t  
w a s  s u b s e q u e n t l y  e x t e n d e d  f u r t h e r  t h i s  c r y s t a l  w as  o b s e r v e d  
t o  y i e l d  a t  t h e  v e r y  l o w  l o a d  o f  6 5 0  gm a n d  t h e n  d e f o r m  o n  
a n  u n i d e n t i f i e d  n o n - b a s a l  s l i p  s y s t e m .  S l i p  o n  t h i s  s y s ­
t e m  p r o d u c e d  a  m u ch  s m a l l e r  f u r t h e r  e x t e n s i o n  t h a n  b a s a l  
s l i p  p r o d u c e d  on  a n  u n a n n e a l e d  c r y s t a l  a n d  w a s  f o l l o w e d  b y  
m u ch  m o r e  v i o l e n t  t w i n n i n g  a n d  e a r l i e r  f r a c t u r e  t h a n  w as  
o b s e r v e d  o n  u n a n n e a l e d  c r y s t a l s  w h i c h  h a d  b e e n  e x t e n d e d  t o  
f r a c t u r e .
C r y s t a l s  e x t e n d e d  a t  a  s t r a i n  r a t e  o f  0 . 0 1  m m /m in  u p  
t o  e x t e n s i o n s  o f  1 0 0 %  e x h i b i t e d  n o  v i s i b l e  s i g n s  o f  k i n k ­
i n g  a n d  t h a t  d e f o r m a t i o n  b y  t h i s  mode  w as  n o t  t a k i n g  p l a c e
w a s  c o n f i r m e d  b y  e t c h i n g  t h e  c r y s t a l s  i n  1 %  n i t a l .  T h i s
r e v e a l e d  n e i t h e r  a n y  r e g i o n s  o f  l o c a l  l a t t i c e  c u r v a t u r e  
n o r  a n y  o f  t h e  n a r r o w  b a n d s  o f  h i g h  e t c h  p i t  d e n s i t y  w h i c h  
a r e  b o t h  c h a r a c t e r i s t i c s  o f  k i n k s  ( 1 9 ) *  T h e  r a t e  o f  w o r k -
h a r d e n i n g  a t  t h i s  s t r a i n  r a t e  w a s  s o  l o w  t h a t  w hen  a  c r y ­
s t a l  w a s  e x t e n d e d  3 0 % ,  u n l o a d e d ,  a l l o w e d  t o  r e c o v e r  f o r  4 8  
h o u r s  a n d  t h e n  r e l o a d e d ,  n o  d r o p  i n  t h e  f l o w  s t r e s s  c o u l d  
b e  d e t e c t e d  o n  t h e  l o a d - e x t e n s i o n  c u r v e  w h i c h  w a s  s e n s i t i v e  
t o  l o a d  c h a n g e s  o f  l e s s  t h a n  1 0  gm* C o n s e q u e n t l y  a  m e a ­
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s u r e  o f  t h e  r a t e  o f  r e c o v e r y  o f  c r y s t a l s  e x t e n d e d  a t  t h i s  
s t r a i n  r a t e  w a s  o b t a i n e d  b y  r e p e a t e d l y  p o l i s h i n g  a n d  e t c h ­
i n g  a  c r y s t a l  w h i c h  h a d  b e e n  e x t e n d e d  1 5 %  a n d  d e t e r m i n i n g  
t h e  c h a n g e  w i t h  t i m e  o f  i t s  d i s l o c a t i o n  d e n s i t y  a s  r e v e a l e d  
b y  e t c h  p i t  c o u n t s .  T h e  r e s u l t i n g  g r a p h  o f  d i s l o c a t i o n  
d e n s i t y  v e r s u s  t i m e  f o r  t h e  r e c o v e r i n g  c r y s t a l  i s  sh o w n  
i n  F i g .  5 * 5  a n d  f o r  t h i s  t h e  e t c h  p i t  c o u n t s  w e r e  m ad e  
a c c o r d i n g  t o  t h e  p r o c e d u r e  e v o l v e d  i n  t h e  f o l l o w i n g  s e c t i o n .
5 • 4  T h e  E t c h  P i t  S a m p l i n g  P r o c e d u r e
I t  w a s  p o i n t e d  o u t  i n  S e c t i o n  1 . 5 * 1  t h a t  t h e r e  i s  n o  
e s t a b l i s h e d  p r o c e d u r e  f o r  e s t i m a t i n g  d i s l o c a t i o n  d e n s i t i e s  
f r o m  d i s l o c a t i o n  e t c h  p i t  c o u n t s .  C o n s e q u e n t l y ,  b e f o r e  
t h e  d i s l o c a t i o n  d e n s i t i e s  o f  d e f o r m e d  c r y s t a l s  c o u l d  b e  
d e t e r m i n e d  a  s u i t a b l e  r e p r o d u c i b l e  p r o c e d u r e  h a d  t o  b e  
e v o l v e d .  An i n s p e c t i o n  o f  t h e  e t c h  p i t  d i s t r i b u t i o n s  i n  
t h e  c e n t r a l  2 cm o f  c r y s t a l s  e x t e n d e d  b y  v a r i o u s  a m o u n t s  
a t  a  s t r a i n  r a t e  o f  0 . 0 1  m m /m in  s h o w e d  t h a t  t h e s e  b e c a m e  
m o r e  u n i f o r m  w i t h  i n c r e a s i n g  e x t e n s i o n .  T h i s  o b s e r v a t i o n  
w a s  i n  a g r e e m e n t  w i t h  t h e  o b s e r v a t i o n s  m ad e  o n  t h e  s l i p  
l i n e  d i s t r i b u t i o n s  o n  t h e  c r y s t a l ' s  s c r e w  f a c e s  f o r  t h e s e  
d i s t r i b u t i o n s  a l s o  b e c a m e  m o r e  u n i f o r m  w i t h  i n c r e a s i n g  
e x t e n s i o n .  H e n c e  t h e  m o s t  i n h o m o g e n e o u s  e t c h  p i t  d i s t r i ­
b u t i o n s  w e r e  e n c o u n t e r e d  i n  a s - g r o w n  c r y s t a l s  a n d  i t  w a s  
b y  s a m p l i n g  t h e s e  i n  v a r i o u s  w a y s  t h a t  t h e  r e p r o d u c i b l e  
p r o c e d u r e  w a s  d e v e l o p e d .
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To e n s u r e  t h a t  a l l  e t c h  p i t s  i n  a  s e l e c t e d  a r e a  w e r e  
c o u n t e d  t h e y  w e r e  o b s e r v e d  a t  a  m a g n i f i c a t i o n  o f  xlOOO o n  
t h e  s c r e e n  o f  a  R e i c h e r t  MeF i n v e r s i o n  m i c r o s c o p e .  T he  
c e n t r a l  1 . 5  cm o f  a n  e t c h e d  a s - g r o w n  c r y s t a l ' s  ( l O l O )  f a c e  
w a s  s e l e c t e d  a s  a  g a u g e  l e n g t h  o v e r  w h i c h  i t  w a s  r e q u i r e d  
t o  d e t e r m i n e  t h e  c r y s t a l ' s  d i s l o c a t i o n  d e n s i t y .  I t  w a s  
q u i c k l y  f o u n d  t h a t  s a m p l i n g  p r o c e d u r e s  w h i c h  r e l i e d  on  t h e  
s e l e c t i o n  o f  ' t y p i c a l '  a r e a s  o r  e q u a l  n u m b e r s  o f  a r e a s  o f  
' h i g h '  o r  ' l o w '  e t c h  p i t  d e n s i t y  o r  o t h e r  s u b j e c t i v e  s e l ­
e c t i o n s  d i d  n o t  y i e l d  w h a t  c o u l d  b e  c o n s i d e r e d  t o  b e  r e p r o ­
d u c i b l e  r e s u l t s .  C o n s e q u e n t l y  v a r i o u s  n o n - s u b j e c t i v e  
s a m p l i n g  p r o c e d u r e s  b a s e d  o n  a  ' r a n d o m '  s e l e c t i o n  o f  a r e a s  
w e r e  e v a l u a t e d  u n t i l  o n e  w a s  d e v e l o p e d  w h i c h  b o t h  y i e l d e d  
r e p r o d u c i b l e  r e s u l t s  a n d  g a v e  a n  e r r o r  i n  t h e  c r y s t a l ’ s  
m e a n  e s t i m a t e d  d i s l o c a t i o n  d e n s i t y  w h i c h  w a s  l e s s  t h a n  t h e  
2 0 %  t o  3 0 %  c o m m o n ly  a c c e p t e d  i n  d i s l o c a t i o n  d e n s i t i e s  
d e t e r m i n e d  f r o m  e l e c t r o n  m i c r o g r a p h s ,  S e c t i o n  1 . 5 . 1 .
T h i s  p r o c e d u r e  i s  g i v e n  b e l o w .
To p r e v e n t  t h e  i n t r u s i o n  o f  a n y  s u b j e c t i v e  s e l e c t i o n ,  
e t c h  p i t s  w e r e  m ad e  v i s i b l e  o n l y  i n  a n  a r e a  2 cm s q u a r e  i n  
t h e  c e n t r e  o f  t h e  m i c r o s c o p e  s c r e e n .  T h e  m i c r o s c o p e  t a b l e  
v e r n i e r s  w e r e  t h e n  u s e d  t o  t r a n s l a t e  t h e  c r y s t a l  i n  s u c h  
a  w ay  t h a t  t h e  s c r e e n  a r e a  s c a n n e d  t h e  a r e a  o f  t h e  c r y s t a l  
w i t h i n  t h e  g a u g e  l e n g t h  i n  t h e  m a n n e r  i n  w h i c h  a n  e l e c t r o n  
b e a m  s c a n s  a  t e l e v i s i o n  t u b e .  S c a n n i n g  w a s  s t o p p e d  p e r i ­
o d i c a l l y  i n  a  ' r a n d o m '  f a s h i o n  i . e .  w i t h o u t  r e f e r e n c e  t o
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c r y s t a l  p o s i t i o n  o r  l o c a l  e t c h  p i t  a r r a n g e m e n t ,  a t  2 0 0  
p o i n t s  o v e r  t h e  g a u g e  l e n g t h  a r e a  a n d  a t  e a c h  o f  t h e s e  t h e  
n u m b e r  o f  e t c h  p i t s  v i s i b l e  i n  t h e  s c r e e n  a r e a  w a s  c o u n t e d .  
F r o m  t h e s e  c o u n t s  b o t h  t h e  c r y s t a l ' s  d i s l o c a t i o n  d e n s i t y  
a n d  t h e  e r r o r  i n  t h i s  d e n s i t y  w e r e  c a l c u l a t e d ,  d i s l o c a t i o n  
d e n s i t y  b e i n g  d e f i n e d  a s  t h e  m e a n  e t c h  p i t  d e n s i t y  p e r  s q  cm, 
t h e  e r r o r  i n  t h e  d e n s i t y  b e i n g  d e f i n e d  a s  t h e  e r r o r  i n  t h i s  
m e a n .
A l t h o u g h  t h i s  p r o c e d u r e  s a m p l e d  o n l y  0 . 1 %  o f  t h e
g a u g e  l e n g t h  a r e a  a n d  t h e r e f o r e  r e q u i r e d  t h e  c o u n t i n g  o f
o n l y  a b o u t  4 0 0  p i t s  i n  a n  a s - g r o w n  c r y s t a l  o f  t y p i c a l  d i s -
5 2l o c a t i o n  d e n s i t y  5 • 1 0  / c m  , t h e  e r r o r  i n  t h e  m e a n  e t c h  p i t  
d e n s i t y  w a s  f o u n d  t o  b e  o n l y  a b o u t  7 % .  T h e  g o o d  r e p r o ­
d u c i b i l i t y  o f  t h i s  s a m p l i n g  p r o c e d u r e  w a s  c o n f i r m e d  b y  
m a k i n g  a  t o t a l  o f  s i x  s c a n s  o f  t h e  g a u g e  l e n g t h  o f  a n  a s -  
g r o w n  c r y s t a l .  T h e s e  a l l  y i e l d e d  m e a n  e t c h  p i t  d e n s i t i e s  
w i t h i n  t h e  7 %  e r r o r .
When t h i s  p r o c e d u r e  w a s  u s e d  t o  d e t e r m i n e  t h e  d i s l o c a ­
t i o n  d e n s i t y  o f  c r y s t a l s  e x t e n d e d  b y  v a r i o u s  a m o u n t s  i t  
w a s  f o u n d  t o  b e  d i f f i c u l t  a n d  t i m e - c o n s u m i n g  t o  c o u n t  w i t h  
a c c u r a c y  t h e  1 0 0  t o  2 0 0  p i t s  w h i c h  c o m m o n ly  w e r e  f o u n d  i n  
t h e  2 cm s q u a r e  s c r e e n  a r e a .  C o n s e q u e n t l y  w h en  i t  w a s  
f o u n d  t h a t  t h i s  d i f f i c u l t y  w a s  b e i n g  e n c o u n t e r e d  t h e  com­
p l e t e  e t c h  p i t  c o u n t  o n  a  c r y s t a l  liras m ad e  w i t h  a  1 cm 
s q u a r e  s c r e e n  a r e a ,  a g a i n  s a m p l i n g  a t  2 0 0  p o i n t s .  T h o u g h  
t h i s  p r o c e d u r e  s a m p l e d  o n l y  a b o u t  0 . 0 2 %  o f  t h e  g a u g e
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l e n g t h  a r e a ,  t h e  i n c r e a s i n g  u n i f o r m i t y  o f  t h e  e t c h  p i t  d i s ­
t r i b u t i o n  w i t h  i n c r e a s i n g  s t r a i n  e n s u r e d  t h a t  t h e  e r r o r  i n  
t h e  m e a n  o f  a n  e t c h  p i t  d e n s i t y  d e t e r m i n e d  b y  t h i s  m e t h o d  
w a s  s m a l l e r  t h a n  ? % .
5 » 5  T h e  E x p e r i m e n t a l  P r o c e d u r e  A d o p t e d
A m o u n t e d  c r y s t a l  w a s  s u s p e n d e d  b y  a  s t a i n l e s s  s t e e l  
w i r e  p a s s e d  t h r o u g h  o n e  o f  i t s  p i v o t  h o l e s ,  P i g *  5 . 1 ,  a n d  
t h e n  p o l i s h e d  v e r t i c a l l y  i n  2 0 %  n i t a l  f o r  2 m i n u t e s ,  
w a s h e d  i n  r u n n i n g  a l c o h o l  a n d  d r i e d  i n  a  c o l d  a i r  s t r e a m ®  
W i t h  a  ( l O l O )  f a c e  u p p e r m o s t  a n d  h o r i z o n t a l  i t  w a s  n e x t  
e t c h e d  i n  1 %  n i t a l  f o r  30  m i n u t e s  a n d  w a s h e d  a n d  d r i e d  a s  
a b o v e .  A s - g r o w n  c r y s t a l s  w e r e  c o v e r e d  w i t h  m an y  v e r y  
s m a l l ,  w e l l - d e f i n e d  l u m p s ,  i m p r e s s i o n s  o f  t h e  h o l e s  i n  t h e  
c r y s t a l  m o u l d  c h a n n e l ,  a n d  o n  o n e  o f  t h e  m o u n t e d  c r y s t a l ’ s  
s c r e w  f a c e s  tw o  l u m p s  w h i c h  l a y  w i t h i n  t h e  c e n t r a l  2 cm 
a n d  w h i c h  w e r e  a b o u t  1 . 5  cm a p a r t  w e r e  l o c a t e d .  T h e s e  
s e r v e d  a s  m a r k e r s  o n  t h e  c r y s t a l  a n d  e s t a b l i s h e d  a  g a u g e  
l e n g t h .  T h e  d i s t a n c e  b e t w e e n  t h e m  w a s  m e a s u r e d  w i t h  a  
t r a v e l l i n g  m i c r o s c o p e  a n d  t h e  d i s l o c a t i o n  d e n s i t y  i n  t h e  
g a u g e  l e n g t h  a r e a  s o  d e f i n e d  w a s  d e t e r m i n e d  b y  t h e  p r o c e ­
d u r e  d e s c r i b e d  i n  S e c t i o n  5 . 4 .  M e a s u r e m e n t s  w e r e  t h e n  
m ad e  o f  t h e  a n g l e s  t h e  b a s a l  p l a n e  t r a c e s  o n  t h e  ( l O l O )  
f a c e  m ade  w i t h  t h e  e d g e s  o f  t h e  c r y s t a l .  T h e s e  w e r e  c o r ­
r e l a t e d  w i t h  t h e  v a l u e  f o r  3cq o b t a i n e d  f r o m  t h e  c r y s t a l ’ s  
X - r a y  f i l m s ,  S e c t i o n  2 . 4 .
T he  c r y s t a l  w a s  t h e n  m o u n t e d  b e t w e e n  t h e  c h u c k s  o f  t h e
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t e n s i l e  m a c h i n e  a n d  d e f o r m e d  a t  a  s t r a i n  r a t e  o f  0 * 0 1  m m /m in  
t o  a p r e d e t e r m i n e d  e x t e n s i o n  b y  m o n i t o r i n g  t h e  d i s t a n c e  b e ­
t w e e n  t h e  m a r k e r s  w i t h  a  c a t h e t o m e t e r < >  F o l l o w i n g  t h e  d e ­
f o r m a t i o n  i t  w a s  e n s u r e d  t h a t  t h e  c r y s t a l  c o u l d  b e  p l a c e d  
i n  t h e  p o s i t i o n  i t  w a s  s u b s e q u e n t l y  t o  o c c u p y  i n  t h e  s p e c i ­
men c o i l  s y s t e m  o f  t h e  a . c .  r e s i s t i v i t y  a p p a r a t u s ,  C h a p t e r  
6 ,  f o r  t h i s  s h o w e d  n o t  o n l y  t h a t  i t  w o u l d  b e  p o s s i b l e  t o  
u s e  t h e  c r y s t a l  f o r  r e s i s t i v i t y  e x p e r i m e n t s  b u t  t h a t  t h e  
c r y s t a l  h a d  d e f o r m e d  w i t h o u t  i t s  e n d s  r o t a t i n g .  T he  c r y ­
s t a l  w a s  t h e n  a l l o w e d  t o  h a n g  f r e e l y  f o r  4 8  h o u r s ,  t h e  t i m e  
n e e d e d  t o  e n s u r e  t h e  c o m p l e t i o n  o f  t h e  d i f f u s i o n  o f  t h e  
v a c a n c i e s  c r e a t e d  d u r i n g  t h e  d e f o r m a t i o n ,  C h a p t e r  6 .
T h e  d i s t a n c e  b e t w e e n  t h e  m a r k e r s  w a s  t h e n  r e m e a s u r e d  
a n d  t h e  c r y s t a l  p o l i s h e d  a n d  e t c h e d  a s  a b o v e .  T h e  d i s l o ­
c a t i o n  d e n s i t y  i n  t h e  g a u g e  l e n g t h  a r e a  w a s  d e t e r m i n e d  
a n d  t h e  a n g l e s  w h i c h  a b o u t  t e n  w e l l - d e f i n e d  b a s a l  p l a n e  
t r a c e s  o n  t h e  ( 1 0 1 0 )  f a c e  a n d  a l o n g  t h e  g a u g e  l e n g t h  m ade  
w i t h  t h e  e d g e s  o f  t h e  c r y s t a l  w e r e  m e a s u r e d .  T h e  c r y s t a l  
w a s  t h e n  i m m e d i a t e l y  p l a c e d  i n  t h e  s p e c i m e n  c o i l  s y s t e m  o f  
t h e  a . c .  r e s i s t i v i t y  a p p a r a t u s  a n d  i t s  r e s i d u a l  r e s i s t i v i t y  
a t  4 . 2 ° K  d e t e r m i n e d ,  C h a p t e r  6 .
5 °6  T h e  R e s u l t s  O b t a i n e d
F o u r  c r y s t a l s  w e r e  d e f o r m e d  a c c o r d i n g  t o  t h e  p r o c e d u r e  
o f  S e c t i o n  5 * 5  a n d  t h e s e ,  S X 7 ,  S X 1 1 , SX20 a n d  SX 44 ,  w e r e  
e x t e n d e d  7 * 2 % ,  1 1 . 0 % ,  2 0 . 1 %  a n d  4 4 . 7 %  r e s p e c t i v e l y .
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T h e  s h e a r  s t r e s s  v e r s u s  s h e a r  s t r a i n  c u r v e s  f o r  t h e s e  
c r y s t a l s .  F i g .  5 . 3 9 w e r e  c o m p u t e d  f r o m  t h e  l o a d - e x t e n s i o n  
d a t a  a s s u m i n g  t h a t  t h e  c r y s t a l s  d e f o r m e d  b y  s i n g l e  s l i p  o n  
t h e  ( 0 0 0 1 )  [ l 2 l o ]  s y s t e m .  T h i s  a s s u m p t i o n  w a s  v e r i f i e d  
b y  t h e  m e a s u r e d  a n g l e s  o f  t h e  b a s a l  p l a n e  t r a c e s ,  S e c t i o n  
5 * 5 .  F o r  a n  u n d e f o r m e d  c r y s t a l  t h e s e  a n g l e s  c o r r e l a t e d  
v e r y  w e l l  w i t h  t h e  X - r a y  v a l u e  o f  ) ( o « C o n s e q u e n t l y  i t  
w a s  c o n s i d e r e d  t h a t  t h e  a n g l e s  m e a s u r e d  o n  a  d e f o r m e d  c r y ­
s t a l  g a v e  a  g o o d  i n d i c a t i o n  o f  t h e  l o c a l  r o t a t i o n  o f  t h e  
b a s a l  p l a n e .  T h a t  t h e s e  a n g l e s  w e r e  a l l  w i t h i n  ± 2 °  o f  
t h e  e x p e c t e d  b a s a l  p l a n e  a n g l e  ( 1 0 2 )  s h o w e d  n o t  o n l y  t h e  
c r y s t a l  i n  t h e  g a u g e  l e n g t h  h a d  s l i p p e d  u n i f o r m l y  a n d  o n  
t h e  ( 0 0 0 1 )  [ l 2 l o ]  s y s t e m  b u t  t h a t  k i n k i n g  h a d  b e e n  s u c c e s s ­
f u l l y  s u p p r e s s e d .  I t  w a s  f o u n d  t h a t  t h e  y i e l d  p o i n t s  o n  
t h e  l o a d - e x t e n s i o n  c u r v e s  w e r e  n o t  s h a r p l y  d e f i n e d ,  s o  t h e  
s t r e s s - s t r a i n  c u r v e s  w e r e  c o m p u t e d  f r o m  a  y i e l d  p o i n t  
d e f i n e d  b y  t h e  f i r s t  d e t e c t a b l e  d e p a r t u r e  f r o m  H o o k e ' s  
l a w .  T h e  p o r t i o n  o f  t h e  a v a i l a b l e  r e g i o n  o f  e a s y  g l i d e  
w h i c h  t h e s e  f o u r  d e f o r m a t i o n s  c o v e r  may b e  j u d g e d  f r o m  
F i g .  5 * 4  w h i c h  s h o w s  t h e  c o m p l e t e  s t r e s s - s t r a i n  c u r v e  f o r  
a  c r y s t a l  e x t e n d e d  t o  f r a c t u r e  a t  t h e  0 . 0 1  m m /m in  s t r a i n  
r a t e .  T a b l e  5 * 1  s u m m a r i z e s  som e o f  t h e  d e f o r m a t i o n  p a r a ­
m e t e r s  f o r  t h e  c r y s t a l s  S X 7 ,  S X 1 1 ,  SX20 a n d  SX44®
The  d i s l o c a t i o n  d e n s i t i e s  o f  t h e  c r y s t a l s  i n  t h e i r  
u n d e f o r m e d  a n d  d e f o r m e d  s t a t e s  a r e  a l s o  g i v e n  i n  T a b l e  5*1*  
E a c h  o f  t h e s e  w a s  c a l c u l a t e d  f r o m  t h e  e t c h  p i t s  c o u n t e d  i n
- 1 6 8
t h e  2 0 0  s c r e e n  a r e a s  w h i c h  t h e  s a m p l i n g  p r o c e d u r e  o f  
S e c t i o n  5 . 4  r e v e a l e d  a n d  t h e  m a n n e r  i n  w h i c h  t h e  e t c h  p i t  
d i s t r i b u t i o n  c h a n g e d  w i t h  i n c r e a s i n g  s t r a i n  i s  s h o w n  by­
l i n e  h i s t o g r a m s  i n  F i g s .  5 . 6  t o  5 . 1 0 ,  F i g .  5 . 6  d i s p l a y s  
t h e  m e a n s  o f  t h e  c o u n t s  m ad e  o n  t h e  f o u r  u n d e f o r m e d  c r y ­
s t a l s ,  e a c h  o f  w h i c h  e x h i b i t e d  t h e  sa m e  t y p e  o f  e t c h  p i t  
d i s t r i b u t i o n ®  F i g s ®  5 . 7  t o  5 . 1 0  d i s p l a y  t h e  e t c h  p i t  
d i s t r i b u t i o n s  o f  t h e  d e f o r m e d  c r y s t a l s .  A p l o t  o f  d i s l o ­
c a t i o n  d e n s i t y  v e r s u s  s h e a r  s t r a i n  i s  g i v e n  i n  F i g .  5 . 1 1 .
5 . 7  T h e  V i s i b i l i t y  o f  E t c h  P i t s
When e t c h  p i t s  a r e  b e i n g  c o u n t e d  i t  i s  a l w a y s  g e r m a n e  
t o  i n q u i r e  i f  a l l  t h e  p i t s  a r e  b e i n g  i n c l u d e d  i n  t h e  c o u n t .  
S i n c e  t h e  p i t s  f o r m e d  b y  e t c h i n g  i n  1 %  n i t a l  f o r  50 m i n ­
u t e s  w e r e  o f  q u i t e  u n i f o r m  s i z e  3d  x  l | - t ,  F i g .  3 * 3 ?  a n d  t h e
d i s l o c a t i o n  d e n s i t i e s  i n  t h e  u n d e f o r m e d  c r y s t a l s  w e r e  
5 2a b o u t  5 . 1 0  / c m  , i t  w a s  c o n s i d e r e d  t h a t  n o  e t c h  p i t s  w e r e  
m i s s e d  d u r i n g  c o u n t s  m ad e  o n  u n d e f o r m e d  c r y s t a l s .  T h i s  
c o n c l u s i o n  w a s  a l s o  r e a c h e d  a b o u t  t h e  c o u n t s  m ade  a f t e r  
t h e  d e f o r m a t i o n  o f  c r y s t a l s  SX7 a n d  S X 1 1 ,  e a c h  o f  w h i c h  
w a s  e t c h e d  f o r  30 m i n u t e s .  H o w e v e r ,  w h e n  t h e  c o u n t  o n  
SX11 h a d  b e e n  m a d e  i t  b e c a m e  c l e a r  t h a t  o v e r l a p p i n g  o f  p i t s  
w o u l d  r e s u l t  i n  r e g i o n s  o f  l o c a l l y  h i g h  p i t  d e n s i t y  i f  a n  
e t c h i n g  t i m e  o f  3 0  m i n u t e s  w a s  m a i n t a i n e d  f o r  d e f o r m e d
7 Pc r y s t a l s  w h o s e  d i s l o c a t i o n  d e n s i t y  w a s  i n  e x c e s s  o f  10  / c m  . 
To p r e v e n t  o v e r l a p p i n g  a n d  t h e  c o n s e q u e n t  l o s s  o f  p i t s  f r o m  
t h e  c o u n t s  m ade  a f t e r  t h e  d e f o r m a t i o n  o f  c r y s t a l s  SX20 a n d
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S X 4 4 ,  t h e s e  c r y s t a l s  w e r e  e t c h e d  f o r  2 5  m i n u t e s  a n d  1 5  
m i n u t e s  r e s p e c t i v e l y .
T h o u g h  i t  w a s  k n o w n  t h a t  e t c h i n g  c r y s t a l s  f o r  l o n g e r  
t h a n  30  m i n u t e s  d i d  n o t  p r o d u c e  p i t s  l a r g e r  t h a n  3M- x  l h ?  
a n d  e t c h i n g  f o r  l e s s  t h a n  30  m i n u t e s  p r o d u c e d  p i t s  s m a l l e r  
t h a n  t h i s ,  i t  w a s  n o t  k n o w n  i f  a l l  p i t s  r e a c h e d  t h i s  s i z e  
a t  t h e  sam e  r a t e .  C o n s e q u e n t l y ,  i t  w a s  p e r t i n e n t  t o  a s k  
i f ,  b y  u s i n g  s h o r t e r  e t c h i n g  t i m e s ,  t h e  p i t s  b e i n g  f o r m e d  
a t  som e d i s l o c a t i o n  s i t e s  w e r e  n o t  b e i n g  c o u n t e d  s i n c e  t h e y  
w e r e  t o o  s m a l l  t o  b e  v i s i b l e  a t  a  m a g n i f i c a t i o n  o f  xlOOO* 
T h i s  q u e s t i o n  w a s  r e s o l v e d  b y  r e p l i c a t i n g  p a r t  o f  t h e  ( 1 0 1 0 )  
s u r f a c e s  o f  tw o  d e f o r m e d  c r y s t a l s ,  o n e  o f  w h i c h  h a d  b e e n  
e t c h e d  f o r  2 0  m i n u t e s ,  t h e  o t h e r  f o r  1 0  m i n u t e s .
T h e  r e p l i c a t i n g  p r o c e d u r e  u s e d  w a s  t h a t  d e v e l o p e d  b y  
D e s v a u x  ( 1 0 3 )  a n d  c o m p r i s e d  a  t w o - s t a g e  p l a t i n u m - c a r b o n  
t e c h n i q u e ,  t h e  i n t e r m e d i a t e  s t a g e  b e i n g  F o r m v a r .  The  
F o r m v a r  r e p l i c a  o f  a n  e t c h e d  ( 1 0 X 0 )  s u r f a c e  w as  s h a d o w e d  
w i t h  p l a t i n u m  i n  s u c h  a  w a y  t h a t  t h e  s h a d o w i n g  d i r e c t i o n  
w a s  p e r p e n d i c u l a r  t o  t h e  ( 0 0 0 1 )  t r a c e s  on  t h e  ( 1 0 1 0 )  s u r ­
f a c e  a n d  m ad e  a n  a n g l e  o f  6 0 °  w i t h  t h i s  s u r f a c e .  T he  f i n a l  
p l a t i n u m - c a r b o n  r e p l i c a s  w e r e  e x a m i n e d  i n  a  S i e m e n s  E l m i s k o p  
I  e l e c t r o n  m i c r o s c o p e  a l i g n e d  o n  6 0  kV.
T h e s e  r e p l i c a s  s h o w e d  t h a t  e t c h i n g  f o r  2 0  m i n u t e s  
p r o d u c e d  p i t s  o f  t h e  sa m e  s h a p e  a s  t h e  p i t s  p r o d u c e d  a f t e r  
3 0  m i n u t e s ,  t h a t  t h e  p i t s  f o r m e d  w e r e  o f  q u i t e  u n i f o r m  s i z e
2  2  2fi x  /5n  a n d  w e r e  a b o u t  /$ | i  d e e p .  E t c h i n g  f o r  10
m i n u t e s  a g a i n  p r o d u c e d  p i t s  o f  t h i s  s a m e  s h a p e  a n d  o f
1u n i f o r m  s i z e  a n d  t h e s e  m e a s u r e d  l\i  x  a n d  w e r e  a b o u t  
1/5 h  d e e p *  A r e p l i c a  m ad e  o f  a n  u n d e f o r m e d  c r y s t a l  e t c h e d  
f o r  30  m i n u t e s  r e v e a l e d  t h a t  t h e  3M- x  lf-i p i t s  w e r e  a b o u t  
lj-i d e e p .  P a r t  o f  t h i s  r e p l i c a  i s  s h o w n  i n  F i g .  5 * 2 .
N o t  o n l y  d i d  t h e s e  r e p l i c a s  i n d i c a t e  t h a t  e a c h  d i m e n ­
s i o n  o f  a n  e t c h ,  p i t  i n c r e a s e d  l i n e a r l y  w i t h  t i m e  u p  t o  3 0  
m i n u t e s ,  b u t  t h a t  a l l  p i t s  g r e w  a t  t h e  sa m e  r a t e .  H e n c e ,  
p r o v i d i n g  t h a t  t h e y  d i d  n o t  o v e r l a p ,  a l l  t h e  p i t s  f o r m e d  
o n  c r y s t a l s  e t c h e d  f o r  10  m i n u t e s  o r  l o n g e r  m u s t  n e c e s s a r ­
i l y  h a v e  b e e n  v i s i b l e  i f  o n e  w as  v i s i b l e .  F r o m  t h e s e  r e ­
s u l t s  i t  w a s  c o n c l u d e d  t h a t  a l l  t h e  e t c h  p i t s  w h i c h  h a d  
b e e n  p r e s e n t  i n  t h e  2 0 0  s a m p l e d  a r e a s  o f  c r y s t a l s  SX20 a n d  
SX44 h a d  b e e n  c o u n t e d .  T h a t  p i t s  h a d  n o t  b e e n  l o s t  
t h r o u g h  o v e r l a p p i n g  i s  i n d i c a t e d  b y  t h e  m a r k e d  ' t a i l s '  o n  
t h e  r i g h t  h a n d  s i d e s  o f  F i g s .  5 * 9  a n d  5 * 1 0 .
5 * 8  C o n c l u s i o n s
I t  h a d  b e e n  t h e  o b j e c t  o f  t h i s  t h e s i s  t o  p r o v i d e  i n ­
f o r m a t i o n  a b o u t  t h e  i n c r e a s e  o f  d i s l o c a t i o n  d e n s i t y  w i t h  
s t r a i n  f o r  s i n g l e  c r y s t a l s  o f  c a d m iu m  d e f o r m e d  i n  t e n s i o n .  
S e c t i o n  1 .4® F i g .  5 * 1 1  c o n t a i n s  s u c h  i n f o r m a t i o n  w i t h  
d i s l o c a t i o n  d e n s i t y  b e i n g  d e t e r m i n e d  b y  t h e  1 %  n i t a l  d i s ­
l o c a t i o n  e t c h .  As t h i s  a c t s  a s  a  d i s l o c a t i o n  e t c h  o n l y  
o n  a  c r y s t a l ' s  ( l O l O )  f a c e  t h e  d i s l o c a t i o n  d e n s i t i e s  q u o t e d
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i n  t h i s  c h a p t e r  a r e  s t r i c t l y  e d g e  d i s l o c a t i o n  d e n s i t i e s ,
K r a t o c h v i l  a n d  H o m o l a  ( 3 3 ) ?  u s i n g  a n  e t c h  w h i c h  t h e y  
c l a i m  r e v e a l s  b o t h  p r i m a r y  e d g e  a n d  s c r e w  d i s l o c a t i o n s  i n  
c a d m i u m ,  r e p o r t  t h a t  i n  s q u a r e  c a d m iu m  c r y s t a l s  d e f o r m e d  
i n  t e n s i o n  t h e  e d g e  d i s l o c a t i o n  d e n s i t y  r e m a i n s  s e n s i b l y  
c o n s t a n t  w i t h  i n c r e a s i n g  s t r a i n .  C l e a r l y  t h i s  r e s u l t  i s  
q u i t e  a t  v a r i a n c e  w i t h  F i g .  5 a l l «  I t  m u s t  b e  c o n c l u d e d  
t h e r e f o r e  t h a t  1 %  n i t a l  a n d  t h e  K r a t o c h v i l  a n d  H o m o la  
e t c h ,  t h e  KH e t c h ,  c a n n o t  b o t h  b e  e d g e  d i s l o c a t i o n  e t c h e s  
f o r  c a d m iu m .  S i n c e  a  l a r g e  b o d y  o f  c i r c u m s t a n t i a l  e v i -  
d e n c e  h a s  b e e n  g a t h e r e d  t o  s u p p o r t  t h e  c l a i m  t h a t  1 %  n i t a l  
i s  a n  e d g e  d i s l o c a t i o n  e t c h  a n d  a s  K r a t o c h v i l  a n d  H o m o l a  
r e p o r t  n e i t h e r  a  c o m p r e h e n s i v e  e v a l u a t i o n  o f  t h e i r  e t c h ,  
n o r  s u b s t a n t i a l  c i r c u m s t a n t i a l  e v i d e n c e  t o  s u p p o r t  t h e i r  
c l a i m  t h a t  t h e  KH e t c h  i s  i n  f a c t  a  d i s l o c a t i o n  e t c h ,  i t  
w a s  c o n c l u d e d  t h a t  t h e  KH e t c h  p r o d u c e s  e t c h  p i t s ,  n o t  a t  
e d g e  d i s l o c a t i o n s ,  b u t  a t  some o t h e r  c r y s t a l  f e a t u r e .
T h i s  c o n c l u s i o n  w a s  v e r i f i e d  b y  t h e  w o r k  p r e s e n t e d  i n  
A p p e n d i x  1 .
The  o n l y  o t h e r  i n v e s t i g a t i o n  w i t h  w h i c h  t h e  p r e s e n t  
r e s u l t s  m ay  b e  c o m p a r e d  i s  t h a t  d u e  t o  H i r s c h  a n d  L a l l y  
( 3 6 )  w h o ,  u s i n g  t h i n  f o i l  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y ,  
d e t e r m i n e d  t h e  i n c r e a s e  o f  d i s l o c a t i o n  d e n s i t y  w i t h  s t r a i n  
i n  m a g n e s i u m  s i n g l e  c r y s t a l s  d e f o r m e d  i n  t e n s i o n .  T h e y  
r e p o r t  t h a t  t h e  i n c r e a s e  i n  d i s l o c a t i o n  d e n s i t y  i s  d u e  
m a i n l y  t o  a n  i n c r e a s e  i n  t h e  e d g e  d i s l o c a t i o n  d e n s i t y ,
-  1 7 2  -
w i t h  v e r y  s c r e w  d i s l o c a t i o n s  b e i n g  f o r m e d ,  a n d  t h a t  t h e  
d i s l o c a t i o n  d e n s i t y  v a r i e s  l i n e a r l y  w i t h  s h e a r  s t r a i n .
As t h e  p r e s e n t  c a d m iu m  w o r k  h a s  b e e n  p r i m a r i l y  c o n c e r n e d  
w i t h  e s t a b l i s h i n g  t h e  v a l i d i t y  o f  t h e  l° /6  n i t a l  d i s l o c a t i o n  
e t c h  a n d  d e m o n s t r a t i n g  t h a t  t h i s  r e v e a l s  t h e  d e f o r m a t i o n  
b e h a v i o u r  o f  c a d m iu m  t o  b e  q u a l i t a t i v e l y  s i m i l a r  t o  o t h e r  
h e x a g o n a l  m e t a l s ,  n e i t h e r  t h e  c o n d i t i o n s  o f  d e f o r m a t i o n  
n o r  t h e  v o l u m e  o f  e v i d e n c e  o b t a i n e d  a r e  s u c h  a s  t o  m ake  
p o s s i b l e  a  q u a n t i t a t i v e  c o m p a r i s o n  w i t h  t h e  m a g n e s i u m  o b ­
s e r v a t i o n s *  C o n s e q u e n t l y  a n  i n t e r p r e t a t i o n  o f  t h e  p r e s e n t  
r e s u l t s  i n  t e r m s  o f  a  d e t a i l e d  t h e o r y  o f  w o r k - h a r d e n i n g ,  
s u c h  a s  t h a t  p r e s e n t e d  b y  H i r s c h  a n d  L a l l y  f o r  b a s a l  s l i p  
i n  a  s i n g l e  c r y s t a l  o f  a n  h e x a g o n a l  m e t a l ,  w i l l  n o t  b e  
a t t e m p t e d .
T he  m o s t  i m p o r t a n t  d i f f e r e n c e s  i n  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  a n d  r e s u l t s  o f  t h e  p r e s e n t  c a d m iu m  w o r k  a n d  
H i r s c h  a n d  L a l l y * s  m a g n e s i u m  w o r k  a r e  s u m m a r i z e d  i n  T a b l e  
5 - 2 ,  f r o m  w h i c h  i t  c a n  b e  s e e n  t h a t  t h e  e f f e c t i v e  t e s t  
t e m p e r a t u r e  f o r  c a d m iu m  w a s  0*4-9 a n d  f o r  m a g n e s i u m  O . 3 X 9
w h i l e  t h e  u n r e s o l v e d  s t r a i n  r a t e  f o r  t h e  c a d m iu m  c r y s t a l s
— 5  /[
w a s  a b o u t  10  a n d  f o r  t h e  m a g n e s i u m  c r y s t a l s  a b o u t  10  .
T h e r e  i s  l i t t l e  d o u b t ,  t h e r e f o r e ,  t h a t  c o n s i d e r a b l e  r e c o v ­
e r y  t o o k  p l a c e  d u r i n g  t h e  t e n s i l e  t e s t s  o n  t h e  c ad m iu m  
c r y s t a l s ,  s o  t h a t  t h e r m a l l y  a c t i v a t e d  p r o c e s s e s  s u c h  a s  
e d g e  d i s l o c a t i o n  c l i m b  c a n n o t  b e  i g n o r e d  i f  t h e  r e s u l t s  
o b t a i n e d  a r e  t o  b e  i n t e r p r e t e d  q u a n t i t a t i v e l y ,  w h i l e
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t h e  c r o s s - s l i p  o f  s c r e w  d i s l o c a t i o n s  i s  l i k e l y  t o  h a v e  b e e n  
m o r e  e x t e n s i v e  t h a n  i n  t h e  m a g n e s i u m  c r y s t a l s ,
A c c o r d i n g  t o  t h e  e t c h  p i t  c o u n t s  t h e  m e a n  d i s l o c a t i o n  
d e n s i t y  i n  t h e  u n d e f o r m e d  c a d m iu m  c r y s t a l s  w a s  a b o u t  tw o  
o r d e r s  o f  m a g n i t u d e  l o w e r  t h a n  t h a t  i n  t h e  u n d e f o r m e d  m ag ­
n e s i u m  c r y s t a l s ,  a  d i f f e r e n c e  w h i c h  b r i n g s  i n t o  q u e s t i o n  
t h e  v a l i d i t y  o f  t h e  r e s p e c t i v e  e x p e r i m e n t a l  m e t h o d s  f o r  
e s t i m a t i n g  d i s l o c a t i o n  d e n s i t y .  H o w e v e r ,  t h e r e  i s  e v i d ­
e n c e  t h a t  t h e  d i s l o c a t i o n  d e n s i t y  i n  t h e  a s - g r o w n  m a g n e s ­
iu m  c r y s t a l s  w a s  i n d e e d  h i g h e r  t h a n  i n  t h e  p r e s e n t  c a d m iu m  
c r y s t a l s ,  f o r  H i r s c h  a n d  L a l l y  r e p o r t  a  c r i t i c a l  r e s o l v e d  
s h e a r  s t r e s s  w h i c h  i s  a b o u t  f i v e  t i m e s  g r e a t e r  t h a n  t h a t  
r e c o r d e d  i n  t h e  p r e s e n t  w o r k .  A l s o  t h e y  o b s e r v e d  t h a t  t h e  
w o r k - h a r d e n i n g  r a t e  o f  t h e  m a g n e s i u m  c r y s t a l s  w a s  e x t r e m e l y  
s e n s i t i v e  t o  t h e  r a t e  o f  c r y s t a l  g r o w t h ,  a  p h e n o m e n o n  
o r i g i n a t i n g  i n  t h e  p r e s e n c e  o f  g r o w n - i n  s u b - b o u n d a r i e s .  
S i n c e  ( G b ^ g / C G b ) ^  ^  0 . 7 7  t h e  r e l a t i v e  d i f f e r e n c e  i n  t h e  
r e s o l v e d  s h e a r  s t r e s s e s  c o r r e l a t e s  r e a s o n a b l y  w e l l  w i t h  
t h e  d i f f e r e n c e  i n  d i s l o c a t i o n  d e n s i t i e s ,  a s s u m i n g  T c r ^  ^  
GbyN w h e r e  N i s  t h e  d i s l o c a t i o n  d e n s i t y .  When c o m p a r i n g  
d i s l o c a t i o n  d e n s i t i e s ,  h o w e v e r ,  t h e  f o l l o w i n g  t h r e e  p o i n t s  
s h o u l d  b e  b o r n e  i n  m i n d .  F i r s t l y ,  t h e  e t c h  p i t  m e t h o d  
r e v e a l s  o n l y  e d g e  d i s l o c a t i o n s  o r  t h o s e  w i t h  a  f a i r l y  l a r g e  
e d g e  c o m p o n e n t ,  t h o u g h  i f  t h e  b e h a v i o u r  o f  c a d m iu m  i s  a t  
a l l  s i m i l a r  t o  t h a t  o f  m a g n e s i u m  i t  i s  t o  b e  e x p e c t e d  t h a t  
v e r y  f e w  s c r e w  d i s l o c a t i o n s  w o u l d  b e  f o u n d  i n  t h e  p r e s e n t
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c a d m iu m  c r y s t a l s » S e c o n d l y ,  i t  i s  q u i t e  p r o b a b l e  t h a t  
t h e r e  w a s  som e r e s i d u a l  d i s l o c a t i o n  d a m a g e  d u e  t o  s p a r k  
e r o s i o n  m a c h i n i n g  i n  H i r s c h  a n d  L a l l y ' s  t h i n  f o i l s ,  S e c t i o n  
4 .1 ®  T h i r d l y ,  a l t h o u g h  t h e  e r r o r s  o f  5 t o  1 0 %  i n  t h e  
m e a n  d i s l o c a t i o n  d e n s i t i e s  q u o t e d  i n  t h e  p r e s e n t  w o r k  a r e  
c o n s i d e r a b l y  l o w e r  t h a n  t h o s e  c o m m o n ly  r e p o r t e d  i n  d i s l o c a ­
t i o n  d e n s i t i e s  d e t e r m i n e d  f r o m  c o u n t s  m ade  i n  t h e  e l e c t r o n  
m i c r o s c o p e ,  S e c t i o n  1 . 5 * 1 ,  t h e y  c a n n o t  b e  c o m p a r e d  w i t h  
t h o s e  e n c o u n t e r e d  b y  H i r s c h  a n d  L a l l y  who d o  n o t  r e p o r t  
t h e i r  e r r o r s , t h o u g h  t h e y  d o  r e m a r k  t h a t  t h e  e r r o r  i n v o l v e d  
i n  m a k i n g  t h e i r  e s t i m a t e s  o f  t h i n  f o i l  t h i c k n e s s  w o u l d  l e a d  
t o  l a r g e  e r r o r s  i n  d i s l o c a t i o n  d e n s i t i e s .
F i n a l l y ,  t h o u g h  b a s e d  o n  o n l y  f i v e  p o i n t s ,  t h e  l i n e  
o f  l e a s t  s q u a r e s  r e g r e s s i o n  o n  t h e  a b s c i s s a  sh o w n  i n  Fig® 
5 . 1 1  c l e a r l y  f i t s  t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  q u i t e  
w e l l  a n d  t a k e s  t h e  f o r m
N = 2 0 . ? » 1 0 6 a  + 5 . 7 . 1 0 5 cm- 2
w h e n  f i t t e d  t o  a n  i n t e r c e p t  w h i c h  i s  t h e  m e a n  d i s l o c a t i o n  
d e n s i t y  o f  t h e  f o u r  u n d e f o r m e d  c r y s t a l s .  T h a t  t h e  e d g e  
d i s l o c a t i o n  d e n s i t y  i n c r e a s e s  l i n e a r l y  w i t h  s t r a i n  i s  i n  
a c c o r d  w i t h  H i r s c h  a n d  L a l l y 1s  r e s u l t  b u t  t h a t  t h e  s l o p e  
o f  t h i s  l i n e  i s  t w o  o r d e r s  o f  m a g n i t u d e  l o w e r  t h a n  t h e i r s  
i s  n o t .
H i r s c h  a n d  L a l l y ' s  t h e o r e t i c a l  m o d e l  a n a l y z e s  t h e  
w o r k - h a r d e n i n g  i n  b a s a l  g l i d e  i n  t e r m s  o f  d i s l o c a t i o n s
m o v i n g  t h r o u g h  a n  a r r a y  o f  e d g e  d i s l o c a t i o n  d i p o l e s  w i t h  a n  
e x c e s s  o f  d i s l o c a t i o n s  o f  o n e  s i g n .  B l a s d a l e  ( 3 1 )  h a s  p r o ­
d u c e d  q u a n t i t a t i v e  e v i d e n c e ,  b a s e d  o n  e t c h  p i t  o b s e r v a t i o n s ,  
t h a t  d i p o l e  a r r a y s  e x i s t  i n  c a d m iu m  b u t  i t  i s  o n l y  p o s s i b l e  
t o  i d e n t i f y  s u c h  a r r a y s  i n  c r y s t a l s  o f  l o w  d i s l o c a t i o n  d e n ­
s i t y  a n d  i t  i s  n o t  y e t  p o s s i b l e  t o  s a y  w h e t h e r  t h e i r  n u m b e r  
i n c r e a s e s  w i t h  s t r a i n  o r  n o t .  H o w e v e r ,  o n  t h e  p r e s e n t  e v i ­
d e n c e  i t  d o e s  s e e m  l i k e l y  t h a t  t h e  d i s l o c a t i o n  a r r a n g e m e n t  i n  
d e f o r m e d  s i n g l e  c r y s t a l s  o f  c a d m iu m  i s  q u a l i t a t i v e l y  s i m i l a r  
t o  t h a t  o b s e r v e d  i n  m a g n e s i u m  c r y s t a l s  b y  H i r s c h  a n d  L a l l y ,  
t h o u g h  t h e  h a r d e n i n g  r a t e  i n  t h e  p r e s e n t  c a d m iu m  c r y s t a l s  i s  
s o  l o w  t h a t  i t  w o u l d  b e  d i f f i c u l t  t o  a s c r i b e  i t  t o  t h e  H i r s c h -  
L a l l y  m e c h a n i s m  r a t h e r  t h a n  t o  som e t y p e  o f  e x h a u s t i o n - h a r d ­
e n i n g  s u c h  a s  h a s  b e e n  p o s t u l a t e d  f o r  c r e e p .  F r o m  F ig s ®  5 * 7  
t o  5®9 a n d  F i g *  5®11 i t  c a n  b e  s e e n  t h a t  t h e  n a t u r e  o f  t h e  
d i s l o c a t i o n  d i s t r i b u t i o n  i n  t h e  p r e s e n t  c a d m iu m  c r y s t a l s  
c h a n g e s  d u r i n g  t h e  f i r s t  0 o5 s h e a r  s t r a i n ,  f o r  a l t h o u g h  t h e  
m e a n  d i s l o c a t i o n  d e n s i t y  i n c r e a s e s  b y  a n  o r d e r  o f  m a g n i t u d e  
t h e  maximum d e n s i t y  d o e s  n o t  i n c r e a s e  a t  a l l .  T h u s  t h e  
c h a n g e  i n  t h e  d i s l o c a t i o n  d e n s i t y  m u s t  b e  a s c r i b e d  t o  t h e  f i l l ­
i n g  u p  o f  r e g i o n s  p r e v i o u s l y  f r e e  o f  d i s l o c a t i o n s ,  w h i c h  s u g ­
g e s t s  t h a t  u n d e r  t h e  c o n d i t i o n s  o f  t h e  p r e s e n t  e x p e r i m e n t s  
t h e  f l o w  s t r e s s  i s  c o n t r o l l e d  b y  t h e  o p e r a t i o n  o f  s o u r c e s  
i n  t h e  r e g i o n s  o f  l o w  d i s l o c a t i o n  d e n s i t y .  T h u s  i t  m i g h t  
b e  e x p e c t e d  t h a t  i n  t h e  e a r l y  s t a g e s  o f  p l a s t i c  f l o w  l a r g e  
a m o u n t s  o f  s l i p  a r e  p r o d u c e d  b y  t h e  o p e r a t i o n  o f  l o n g  s o u r c e s
-  1 7 5  -
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a s s i s t e d  b y  t h e  c l i m b  o f  e d g e  d i s l o c a t i o n s  a s  w e l l  a s  t h e  
c r o s s - s l i p  o f  s c r e w  d i s l o c a t i o n s ,  i n  f a c t  a  t y p e  o f  f l o w  
m o r e  n e a r l y  a k i n  t o  s t e a d y - s t a t e  c r e e p  t h a n  t h a t  a n a l y s e d  b y  
H i r s c h  a n d  L a l l y .  To v e r i f y  t h i s  p r o p o s e d  m e c h a n i s m  i t  i s  
e v i d e n t  t h a t  t h e  f u r t h e r  o b s e r v a t i o n s  w h i c h  w o u l d  b e  p r o v i d e d  
b y  a  s t u d y  o f  s l i p  l i n e s  a n d  b y  a  t r a n s m i s s i o n  e l e c t r o n  m i c r o  
s c o p y  e x a m i n a t i o n  o f  d i s l o c a t i o n  a r r a n g e m e n t s  w o u l d  b e  n e c ­
e s s a r y .
-  1 7 7  -
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F i g .  5 . 1  A c r y s t a l  m o u n t e d  f o r  t e n s i l e  d e f o r m a t i o n .
( E d g e  ( 1 0 1 0 )  f a c e  i n  p l a n e  o f  p a p e r . )
F i g .  5 . 2  R e p l i c a  o f  p a r t  o f  t h e  ( l O l O )
s u r f a c e  o f  a n  u n d e f o r m e d  c r y s t a l  e t c h e d  f o r  
30 m i n u t e s .  x 5 C 0 0
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F i g .  5 . 3  T h e  r e s o l v e d  s h e a r  s t r e s s  (t ) v e r s u s  s h e a r
s t r a i n  ( g ) c u r v e s  f o r  t h e  f o u r  c r y s t a l s  d e f o r m e d  a t  a  
s t r a i n  r a t e  o f  0 . 0 1  m m /m in .
1 7 9
F i g .  5®4 T h e  c o m p l e t e  r e s o l v e d  s h e a r  s t r e s s  O r)  v e r s u s  
s h e a r  s t r a i n  ( a )  c u r v e  f o r  a  c r y s t a l  e x t e n d e d  t o  f r a c t u r e  
a t  a  s t r a i n  r a t e  o f  0 * 0 1  m m /m in .
-  1 8 0  -
F i g .  5 . 5  D i s l o c a t i o n  d e n s i t y  (N )  a s  a  f u n c t i o n  
o f  t i m e  ( t )  i n  a  c r y s t a l  r e c o v e r i n g  a f t e r  a  1 5 / 6  
e x t e n s i o n  a t  a  s t r a i n  r a t e  o f  0 . 0 1  m m /m in .
F i g .  5 o 6  L i n e  h i s t o g r a m  o f  t h e  n u m b e r  o f
s c r e e n  a r e a s  (f) c o n t a i n i n g  (n) e t c h  p i t s
p l o t t e d  a g a i n s t  n. S c r e e n  a r e a s  2 c m  sq.
- 1 8 1  -
F i g .  5 . 7  L i n e  h i s t o g r a m  o f  t h e  n u m b e r  o f  
s c r e e n  a r e a s  ( f )  c o n t a i n i n g  ( n )  e t c h  p i t s  
p l o t t e d  a g a i n s t  n ,  S c r e e n  a r e a s  2 cm s q .
f
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F i g .  5 . 8  L i n e  h i s t o g r a m  o f  t h e  n u m b e r  o f
s c r e e n  a r e a s  (f) c o n t a i n i n g  (n) e t c h  p i t s
p l o t t e d  a g a i n s t  n. S c r e e n  a r e a s  1 c m  sq.
-  1 8 2  -
F i g *  5 * 9  L i n e  h i s t o g r a m  o f  t h e  n u m b e r  o f  
s c r e e n  a r e a s  ( f )  c o n t a i n i n g  ( n )  e t c h  p i t s  
p l o t t e d  a g a i n s t  n® S c r e e n  a r e a s  1 cm s q .
F i g .  5 * 1 0  L i n e  h i s t o g r a m  o f  t h e  n u m b e r  o f
s c r e e n  a r e a s  (f) c o n t a i n i n g  (n) e t c h  p i t s
p l o t t e d  a g a i n s t  n® S c r e e n  a r e a s  1 c m  sq.
F i g .  5 * 1 1  D i s l o c a t i o n  d e n s i t y  (N )  a s  a  f u n c t i o n  o f  s h e a r  
s t r a i n  ( a )  f o r  t h e  f o u r  c r y s t a l s  d e f o r m e d  a t  a  s t r a i n  r a t e  
o f  OoOl m m / m in «
*=» 1 0 4  ***
CRYSTAL 3X7 SX11 SX20 SX44
C r i t i c a l  R e s o l v e d  S h e a r  
S t r e s s  a t  Y i e l d  (gm/mm2 )
1 5 * 5 1 0 . 7 1 6 . 1  ‘ 1 1 . 9
F l o w  S t r e s s  a t  0 .^  
( gm/mm2 )
1 6 . 3 1 1 . 8 1 9 * 5 1 6 . 2
F i n a l  S h e a r  S t r a i n  (&j>) 0 , 1 8 0 . 2 6 0 . 4 9 1 . 0 8
U n r e s o l v e d  S t r a i n  R a t e  
( x l O ^ )  ( s e c " " 1 )
10  o 1 7 * 3 6 . 2 7 * 4
M e a n ^ W o r k - H a r d e n i n g  R a t e  
( x l O  ) (gm /m m ^)
1 „8G 1 . 7 G 2 .  8G 1 . 6 G
U n d e f o r m e d  D i s l o c a t i o n  
D e n s i t y  ( cm ~ 2 )
7 * 2 1 . 6
( x l 0 5 )
7 . 2 1 . 7
( x l O ? )
6 . 6 1 . 5
( x i o 5 )
3 * 8 1 . 3
( x l o 3 )
D e f o r m e d  D i s l o c a t i o n  
D e n s i t y  (cm**"2 )
4 . 5 1 . 4
( x l 0 6 )
7 * 8 1 . 5
( x l 0 6 )
1 . 2 1 * 1
( x l O O
2 . 2 1 . 1
( x l o 7 )
T a b l e  5 . 1  Some p a r a m e t e r s  f o r  t h e  f o u r  c r y s t a l s  d e f o r m e d  
i n  t e n s i o n  a t  a  s t r a i n  r a t e  o f  0 * 0 1  m m /m in .
METAL CADMIUM MAGNESIUM 
( H i r s c h  £  L a l l y )
^ R T ^ M P 0 . 4 9 0 . 3 1
M ean  U n r e s o l v e d  S t r a i n  R a t e  
( s e c ~ X )
8 . 1 0 - 6 3 . 1 0 - 4
Mean W o r k - H a r d e n i n g  R a t e  
(gm/mm2 )
2 . 1 0 - 6 G 2 . 1 0 " 5 G
Mean U n d e f o r m e d  D i s l o c a t i o n  
D e n s i t y  (cm ” 2 )
6 . 1 0 5 2 . 1 0 8
S l o p e  o f  D i s l o c a t i o n  D e n s i t y -  
S h e a r  S t r a i n  L i n e  ( c m - 2 )
2 . 1 . 1 0 7 1 . 6 . 1 0 9
T a b l e  5 * 2  T h e  m a j o r  d i f f e r e n c e s  b e t w e e n  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  a n d  r e s u l t s  o f  t h e  p r e s e n t  c a d m iu m  w o r k  a n d  t h e  
w o r k  o n  m a g n e s i u m  d u e  t o  H i r s c h  a n d  L a l l y .
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CHAPTER 6
THE RESIDUAL R E S I S T I V I T I E S  OF DEFORMED AND 
SUBSEQUENTLY ANNEALED CRYSTALS
H i r s c h  a n d  L a l l y  ( 3 6 )  h a v e  r e p o r t e d  t h a t  t h e  i n c r e a s e  
o f  d i s l o c a t i o n  d e n s i t y  w i t h  s t r a i n  i n  m a g n e s i u m  s i n g l e  
c r y s t a l s  d e f o r m e d  i n  t e n s i o n  i s  d u e  m a i n l y  t o  a n  i n c r e a s e  
i n  t h e  e d g e  d i s l o c a t i o n  d e n s i t y ,  w i t h  v e r y  f e w  s c r e w  d i s l o ­
c a t i o n s  b e i n g  f o r m e d .  On t h e  a s s u m p t i o n  t h a t  t h e  d i s l o c a ­
t i o n  a r r a n g e m e n t  i n  d e f o r m e d  s i n g l e  c r y s t a l s  o f  c a d m iu m  i s  
q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  o b s e r v e d  i n  m a g n e s i u m  c r y s t a l s  
a n d  a s  1 %  n i t a l  i s  a n  e d g e  d i s l o c a t i o n  e t c h  f o r  c a d m i u m ,  
a n  a t t e m p t  w a s  m ad e  t o  c o r r e l a t e  t h e  r e s i d u a l  r e s i s t i v i t y  
c h a n g e s  o n  a n n e a l i n g  t h e  f o u r  c r y s t a l s  d e f o r m e d  i n  S e c t i o n  
5 * 6  w i t h  t h e  c h a n g e s  i n  t h e  d i s l o c a t i o n  d e n s i t i e s  o f  t h e s e  
c r y s t a l s  a s  m e a s u r e d  b y  t h e  e t c h  p i t  t e c h n i q u e .  T h i s  
c h a p t e r  d e s c r i b e s  t h e  m a n n e r  i n  w h i c h  t h e  m e a s u r e m e n t s  o f  
r e s i d u a l  r e s i s t i v i t y  a t  4 « 2 ° K  w e r e  m ade  i n  a n  a v a i l a b l e  
a p p a r a t u s  o f  h i g h  s e n s i t i v i t y  a n d  h o w ,  a l t h o u g h  a  t h e o r e t i ­
c a l  s o l u t i o n  a p p r o p r i a t e  t o  t h e  g e o m e t r y  o f  r e c t a n g u l a r  
s e c t i o n  c r y s t a l s  p l a c e d  i n  t h e  r e s i s t i v i t y  a p p a r a t u s  w as  
o b t a i n e d  t o  e n a b l e  t h e s e  m e a s u r e m e n t s  t o  b e  i n t e r p r e t e d ,  
t e c h n i c a l  d i f f i c u l t i e s  p r e v e n t e d  t h e  m a k i n g  o f  t h e  a n t i c i ­
p a t e d  c o r r e l a t i o n .
6 » 1  T he  A p p a r a t u s  U s e d
I n  t h e  c o u r s e  o f  t h e i r  w o r k  t o  d e t e r m i n e  t h e  s p e c i f i c
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r e s i s t i v i t y  o f  d i s l o c a t i o n s  i n  p o l y c r y s t a l l i n e  a l u m i n i u m ,  
R i d e r  a n d  F o x o n  ( 1 0 4 )  h a d  b u i l t  a  d . c .  a p p a r a t u s  w h i c h  em­
p l o y e d  a  D i e s s e l h o r s t  p o t e n t i o m e t e r  t o  m e a s u r e  t h e  c h a n g e s  
o f  e l e c t r i c a l  r e s i s t i v i t y  a t  4 - .2 °K  o c c a s i o n e d  b y  t h e  t e n ­
s i l e  d e f o r m a t i o n  o f  s t r i p s  o f  a n n e a l e d  p o l y c r y s t a l l i n e  
a l u m i n i u m  f o i l ®  W i t h  t h e  i n t e n t i o n  o f  e x t e n d i n g  t h i s  
w o r k  t o  b u l k  s i n g l e  c r y s t a l s ,  F o x o n  h a d  t h e n  b u i l t  a n  a . c ®  
a p p a r a t u s  w h i c h  w a s  n o t  o n l y  c a p a b l e  o f  m e a s u r i n g  t h e  r e ­
s i d u a l  r e s i s t i v i t y  o f  s u c h  c r y s t a l s  a t  4 . 2 ° K  t o  t h e  a c c u r ­
a c y  d e m a n d e d  b u t  w h i c h  p o s s e s s e d  t h e  a d v a n t a g e  t h a t  n o  
d i r e c t  e l e c t r i c a l  c o n n e c t i o n s  n e e d e d  t o  b e  m ade  t o  t h e  
c r y s t a l s ®  B o t h  t h e s e  a p p a r a t u s e s  w e r e  a v a i l a b l e  f o r  t h e  
p r e s e n t  work®
A l t h o u g h  t h e  p u r i t y  o f  t h e  p r e s e n t  c a d m iu m  w as  v e r y
s i m i l a r  t o  t h a t  o f  t h e  a l u m i n i u m  u s e d  b y  R i d e r  a n d  F o x o n ,
w h e n  t h e  d i m e n s i o n s  o f  t h e  c a d m iu m  c r y s t a l s  w e r e  c o m p a r e d
w i t h  t h o s e  o f  t h e  a l u m i n i u m  f o i l s  i t  b e c a m e  c l e a r  t h a t  t h e
+ - 1 0o v e r a l l  s e n s i t i v i t y  o f  t h e  d . c *  a p p a r a t u s ,  a b o u t  -  1®10 
ohm cm, w a s  i n s u f f i c i e n t  t o  m e a s u r e  t h e  a n t i c i p a t e d  r e s i d ­
u a l  r e s i s t i v i t y  o f  t h e  c a d m iu m  c r y s t a l s  t o  t h e  d e s i r e d  
a c c u r a c y .  A s ,  i n  a d d i t i o n ,  i t  w a s  c o n s i d e r e d  t o  b e  u n a c ­
c e p t a b l e  t o  a f f i x  e l e c t r i c a l  c o n n e c t i o n s  t o  t h e  m e c h a n i ­
c a l l y  s o f t  c a d m iu m  c r y s t a l s ,  i t  w a s  c o n c l u d e d  t h a t  t h e  d .c ®  
a p p a r a t u s  w as  n o t  s u i t a b l e  f o r  m e a s u r i n g  t h e  r e s i d u a l  r e s ­
i s t i v i t y  o f  t h e s e  c r y s t a l s ®  C o n s e q u e n t l y  F o x o n * s  a . c .  
a p p a r a t u s  w a s  u s e d  t o  m ak e  t h e  r e q u i r e d  m e a s u r e m e n t s .
-  1 8 7
T h i s  a p p a r a t u s  ( 1 0 5 )  m e a s u r e d  o v e r  a  r a n g e  o f  f r e q u e n ­
c i e s  t h e  c h a n g e  6M i n  t h e  m u t u a l  i n d u c t a n c e  M b e t w e e n  tw o  
c o i l s  w h e n  t h e  s p e c i m e n  w h o s e  r e s i s t i v i t y  w a s  t o  b e  d e t e r ­
m i n e d  w a s  p l a c e d  i n s i d e  t h e m *  F ro m  t h e  o b s e r v e d  6M a t  a  
g i v e n  f r e q u e n c y  a n d  k n o w i n g  t h e  g e o m e t r y  o f  t h e  s y s t e m ,  i t  
w a s  t h e n  p o s s i b l e  t o  d e d u c e  t h e  r e s i s t i v i t y  o f  t h e  s p e c i m e n  
a s  m e a s u r e d  a t  t h i s  f r e q u e n c y ®  A l t e r n a t i v e l y ,  b y  m a k i n g  
p l o t s  o f  6M v e r s u s  f r e q u e n c y  f r o m  m e a s u r e m e n t s  m ade  b e f o r e  
a n d  a f t e r  a  s p e c i m e n  w a s  a n n e a l e d ,  i t  w a s  p o s s i b l e  t o  d e ­
d u c e  t h e  c h a n g e  i n  t h e  s p e c i m e n ' s  r e s i s t i v i t y  o n  a n n e a l i n g ®
T h e  m e a s u r e m e n t  o f  t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  a  
c o n d u c t o r  b y  t h i s  m u t u a l  i n d u c t a n c e  m e t h o d  h a s  b e e n  d e s c r i ­
b e d  p r e v i o u s l y  b y  a  n u m b e r  o f  a u t h o r s  ( 1 0 6 ,  1 0 7 ,  1 0 8 ,  1 0 9 ?  
1 1 0 ,  1 1 1 ,  1 1 2 ,  1 1 3 )  b u t  F o x o n f s  a p p a r a t u s ,  b e s i d e s  i n c o r ­
p o r a t i n g  som e  n o v e l  d e s i g n  f e a t u r e s ,  h a s  p r o v e d  t o  b e  m o r e  
s e n s i t i v e  t o  t h e  m u t u a l  i n d u c t a n c e  c h a n g e s  c a u s e d  b y  v e r y  
s m a l l  c h a n g e s  i n  t h e  c o n d u c t o r ' s  r e s i s t i v i t y  t h a n  a n y  o t h e r  
a p p a r a t u s  y e t  b u i l t .  As F o x o n  w i l l  p u b l i s h  d e t a i l s  o f  
h i s  a p p a r a t u s  a t  som e f u t u r e  d a t e ,  h e r e  i t  w i l l  s u f f i c e  t o  
s a y  t h a t  e s s e n t i a l l y  i t  c o m p r i s e d  tw o  c o i l  s y s t e m s  c o n n e c ­
t e d  i n  a  H a r t s h o r n  b r i d g e ,  F ig® 6® 1.  B o t h  c o i l  s y s t e m s  
w e r e  i d e n t i c a l  a n d  e a c h ,  F ig® 6 . 2 ,  c o n s i s t e d  o f  a  p r i m a r y  
w i n d i n g ,  w h i c h  w a s  8  cm l o n g  a n d  c o m p r i s e d  4  l a y e r s  o f  3 8  
S . W .G .  e n a m e l l e d  c o p p e r  w i r e  c l o s e  w o u n d  t o  g i v e  a  t o t a l  
o f  2 0 0  t u r n s / c m ,  a n d  a  c e n t r a l l y  d i s p o s e d  s e c o n d a r y  w i n d i n g ,  
w h i c h  w a s  2 cm l o n g  a n d  c o m p r i s e d  1 2 , 0 0 0  t u r n s  o f  4 7  S .W . G .
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e n a m e l l e d  c o p p e r  w i r e .  T h e  tw o  c o i l  s y s t e m s  w e r e  w o u n d  
o n  e b o n i t e  f o r m e r s  w h i c h  w e r e  m o u n t e d  b e t w e e n  tw o  p a r a l l e l  
p e r s p e x  d i s c s  s o  t h a t  t h e i r  a x e s  w e r e  p e r p e n d i c u l a r  t o  
t h e  p l a n e s  o f  t h e  d i s c s .  A s u p p o r t  r o d  r a n  t h r o u g h  t h e  
d i s c s  s o  t h a t  t h e  tw o  c o i l  s y s t e m s  c o u l d  b e  l o w e r e d  i n t o  a  
l i q u i d  h e l i u m  c r y o s t a t  a n d  t h e  c o n n e c t i n g  l e a d s  t o  t h e  c o i l  
s y s t e m s  c o u l d  b e  b r o u g h t  o u t  c l e a r  o f  t h e  c r y o s t a t  f o r  
a t t a c h m e n t  t o  t h e  H a r t s h o r n  b r i d g e .  T h i s  c o m p r i s e d  a  
h i g h - s t a b i l i t y , p o w e r  o s c i l l a t o r  w h o s e  o u t p u t  c o u l d  b e  
v a r i e d  o v e r  t h e  r a n g e  0 - 1 0  k c / s  i n  i n c r e m e n t s  o f  0 . 1  c / s ,  
a n  a s s o c i a t e d  f r e q u e n c y  c o u n t e r  a n d  a  p h a s e  s e n s i t i v e  d e ­
t e c t o r  s y s t e m  w h i c h  c o n s i s t e d  o f  a  s e l e c t i v e  a m p l i f i e r ,  a  
p h a s e - s h i f t e r  a n d  a  m o v i n g  c o i l  m e t e r .  T h e  b r i d g e ’ s  v a r ­
i a b l e  m u t u a l  i n d u c t a n c e  M w a s  p r o v i d e d  b y  a  T i n s l e y  m u t u a l  
i n d u c t a n c e ,  v a r i a b l e  c o n t i n u o u s l y  o v e r  t h e  r a n g e  0  -  1 0 , 0 0 0  
p H ,  a n d  i t s  r e s i s t a n c e  <A b y  a  T i n s l e y  c o m m e r c i a l  p o t e n t i o ­
m e t e r  o f  r e s i s t a n c e  4 0  o h m s .  T h e  l i q u i d  h e l i u m  c r y o s t a t  
u s e d  w i t h  t h i s  a p p a r a t u s  w a s  a  s i m p l e  d o u b l e  d e w a r  a r r a n g e ­
m e n t  a n d  c o m p r i s e d  a  s e a l e d  o u t e r  d e w a r  w h i c h  c o n t a i n e d  
b o t h  l i q u i d  a i r  a n d  a n  e v a c u a b l e  i n n e r  d e w a r  i n t o  w h i c h  
t h e  t w o  c o i l  s y s t e m s  c o u l d  b e  p l a c e d  a n d  l i q u i d  h e l i u m  
t r a n s f e r r e d .
6 . 2  The  T h e o r y  b e h i n d  t h e  U s e  o f  t h e  H a r t s h o r n  B r i d g e
w i t h  Two I d e n t i c a l  C o i l  S y s t e m s
L e t  u s  c o n s i d e r  t h e  H a r t s h o r n  b r i d g e ,  F i g .  6 . 1 ,  w i t h
-  1 8 9  -
t h e  t w o  i d e n t i c a l  c o i l  s y s t e m s  P - p  S ^  a n d  P £ ,  S 2  c o n n e c t e d  
i n  s u c h  a  w ay  t h a t  t h e  t w o  p r i m a r i e s  P ^  a n d  ? 2  a r e  i n  s e r ­
i e s  a d d i t i o n  a n d  t h e  tw o  s e c o n d a r i e s  S-^ a n d  Sg  a r e  i n  s e r ­
i e s  o p p o s i t i o n ®  T h e  m u t u a l  i n d u c t a n c e  b e t w e e n  t h e  p r i m a r y  
a n d  s e c o n d a r y  o f  a  c o i l  s y s t e m  w i l l  b e  c o m p l e x ?  l e t  t h i s
b e  (M iM w) w h e n  t h e  c o i l  s y s t e m  i s  e m p t y .  L e t  t h e  c c
s e n s e  o f  M b e  s u c h  t h a t  t h e  b r i d g e  m ay  b e  b a l a n c e d  a n d  l e t  
b o t h  c o i l  s y s t e m s  b e  e m p t y .  A t  b a l a n c e  l e t  t h e  b r i d g e  
f r e q u e n c y  b e  cu, t h e  c u r r e n t  i n  t h e  p r i m a r y  c i r c u i t  b e  i Q3 
p b e  pQ a n d  M b e  Mq o S i n c e  b o t h  c o i l  s y s t e m s  a r e  i d e n t i c a l  
t h e i r  s e c o n d a r i e s  w i l l  p r o d u c e  e . m . f . s  w h i c h  a r e  e q u a l  b u t  
o f  o p p o s i t e  s e n s e  a n d  t h u s  t h e  b r i d g e  b a l a n c e  c o n d i t i o n  
w i l l  b e  g i v e n  b y
0  = io oh L i + i  p^
0 0  0 0
w h e n c e  m = p = 0 .
o o
I f  a  c o n d u c t i n g  s p e c i m e n  i s  n o w  p l a c e d  i n  t h e  c o i l  s y s t e m  
? 2 9  8 2  t h e  e d d y  c u r r e n t s  s e t  u p  i n  t h e  s p e c i m e n  b y  t h e  a l ­
t e r n a t i n g  m a g n e t i c  f i e l d  w i l l  c a u s e  a  r e d i s t r i b u t i o n  o f  
f l u x  i n  s u c h  a  w ay  t h a t  t h i s  w i l l  t e n d  t o  b e  e x c l u d e d  f r o m  
t h e  c e n t r e  a n d  f o r c e d  t o  t h e  o u t e r  l a y e r s  o f  t h e  s p e c i m e n .  
S u c h  a  r e d i s t r i b u t i o n  o f  f l u x  w i l l  r e d u c e  t h e  m u t u a l  i n d u c ­
t a n c e  b e t w e e n  P 2  a n d  Sg* L e t  t h i s  r e d u c e d  m u t u a l  i n d u c ­
t a n c e  b e  (M 1 -  M 9  -  i ( M  " ~ M " w h e r e  ( M j  -  iM " )  i s  t h e  c  s '  c  s '  v s  s '
m u t u a l  i n d u c t a n c e  a s s o c i a t e d  w i t h  t h e  s p e c i m e n .  I f  t h e  
b r i d g e  i s  r e b a l a n c e d  w h e n  t h e  p r i m a r y  c i r c u i t  c u r r e n t  i s  i ^ ,
190 -
a n d  p a n d  M h a v e  v a l u e s  d e n o t e d  b y  t h e s e  s y m b o l s  i t  f o l l o w s  
t h a t
io>(M s ' -  iM s " ) i 1 = i d M ^  + i-^p
w h e n c e  M 2 = M a n d  M " = p £ l j
s s w
T h u s  t h e  a t - b a l a n c e  v a l u e s  o f  M a n d  p g i v e  d i r e c t l y  t h e
r e a l  a n d  i m a g i n a r y  c o m p o n e n t s  o f  t h e  c o m p l e x  m u t u a l  i n d u c ­
t a n c e  a s s o c i a t e d  w i t h  t h e  s p e c i m e n .
6 . 2 «  1 T h e  R e l a t i o n  b e t w e e n  t h e  Sp e c i m e n ' s  C o m p l e x  M u t u a l
I n d u c t a n c e  a n d  i t s  C o m p l e x  P e r m e a b i l i t y
S u b j e c t  t o  c e r t a i n  r e s t r i c t i o n s  t h e  s p e c i m e n ' s  c o m p l e x  
m u t u a l  i n d u c t a n c e  m ay  b e  r e l a t e d  t o  i t s  c o m p l e x  p e r m e a b i l i t y ®
L e t  t h e  p r i m a r y  c o i l s  b e  s o l e n o i d a l  a n d  h a v e  n ^  t u r n s /  
cm a n d  l e t  t h e  s e c o n d a r y  c o i l s  b e  s h o r t  a n d  e a c h  c o m p r i s e  a  
t o t a l  o f  n 2 t u r n s .  L e t  i t  b e  a s s u m e d  t h a t  t h e  p r i m a r y  
c o i l s  a n d  s p e c i m e n  a r e  s u f f i c i e n t l y  l o n g  f o r  t h e r e  t o  b e  n o  
e n d  e f f e c t s  i . e .  t h e  m a g n e t i c  f i e l d s  p r o d u c e d  b y  t h e  p r i ­
m a r i e s  i n  t h e  r e g i o n s  o f  t h e  s e c o n d a r i e s  a r e  e v e r y w h e r e  
p a r a l l e l  t o  t h e  a x e s  o f  t h e  c o i l  s y s t e m s  a n d  n o  r e t u r n  f l u x  
l i n k s  t h e  s e c o n d a r i e s .  L e t  t h e  s p e c i m e n  h a v e  a  u n i f o r m  
c r o s s - s e c t i o n  o f  a r e a  0 a n d  t h e  p r i m a r y  w i n d i n g s  b e  o f  
r a d i u s  R .  T h e n  t h e  t o t a l  f l u x  l i n k i n g  t h e  s e c o n d a r y  o f  
t h e  e m p t y  c o i l  s y s t e m  i s  g i v e n  b y
[ 2 ]
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a n d  t h e  t o t a l  f l u x  l i n k i n g  t h e  s e c o n d a r y  o f  t h e  c o i l  s y s t e m  
c o n t a i n i n g  t h e  s p e c i m e n  i s  g i v e n  b y
n
2  “
(t lR  -  C)n-^i-^ + ^
w h e r e  ([> i s  t h e  f l u x  t h r o u g h  t h e  s p e c i m e n .  B u t  b y  d e f i n i ­
t i o n ,  S e c t i o n  A 2 . 1 ,  t h e  c o m p l e x  p e r m e a b i l i t y  p  o f  t h e  s p e c i ­
m en i s  g i v e n  b y
p  = p * - i p "
n l 1 l C
w h e n c e  jYj  m ay  b e  w r i t t e n
n- n 2 «{tt:R2 -  O ( l - p )i ~ 2 m \ r x ' ~  v v ^ j x i  W
T h u s ,  a s  t h e  t w o  s e c o n d a r i e s  a r e  c o n n e c t e d  i n  s e r i e s  o p p o s i ­
t i o n  i n  t h e  H a r t s h o r n  b r i d g e ,  t h e  n e t  e . m . f .  g e n e r a t e d  
a c r o s s  t h e m  i s  g i v e n  b y ,  f r o m  [2 ]  a n d  [ 4 ] ,
i . e rcu .n ^ n ^ .O C l — P )
B u t ,  b y  d e f i n i t i o n ,  t h i s  e 0n u f o  i s  a l s o  g i v e n  b y
icu«,(M 1 -  iM " ) . i n
kd S  JL
w h e n c e ,  e q u a t i n g  £5 } a n d  £6] ,
M ^ 1 -  iM w = -  p )s  s  1 2
w h i c h  g i v e s ,  u s i n g  [ l j ,
a
B
P *  =  1 M
n l n 2 CI
P " 1
n-^n^C cu H
6 , 2 . 2  T h e  R e l a t i o n  b e t w e e n  t h e  S p e c i m e n ' s  C o m p l e x  
P e r m e a b i l i t y  a n d  i t s  C o n d u c t i v i t y
To d e t e r m i n e  t h e  r e s i s t i v i t y  o f  a  s p e c i m e n  p l a c e d  i n  t h e  
H a r t s h o r n  b r i d g e  i t  r e m a i n s  t o  e s t a b l i s h  t h e  r e l a t i o n  b e t w e e n  
t h e  s p e c i m e n ’ s  c o m p l e x  p e r m e a b i l i t y  a n d  i t s  r e s i s t i v i t y  o r  
c o n d u c t i v i t y .  T h i s  r e l a t i o n  i s  d e p e n d e n t  o n  b o t h  t h e  g e o ­
m e t r y  o f  t h e  s p e c i m e n  a n d  t h e  c o i l  s y s t e m  i n  w h i o h  i t  i s  
p l a c e d  a n d  h a s  b e e n  e s t a b l i s h e d  f o r  o n l y  a  f e w  g e o m e t r i e s ,  
s u b j e c t  t o  s i m p l i f y i n g  a s s u m p t i o n s  w h i c h  a r e  o f t e n  d i f f i c u l t  
t o  r e a l i z e  i n  e x p e r i m e n t a l  w o r k .  The  m a n n e r  i n  w h i c h  t h e  
r e l a t i o n  b e t w e e n  a  s p e c i m e n ' s  c o m p l e x  p e r m e a b i l i t y  a n d  c o n ­
d u c t i v i t y  i s  d e r i v e d  i s  g i v e n  i n  S e c t i o n  A 2 . 1  a n d  t h e  r e l a ­
t i o n  a p p l i c a b l e  t o  t h e  s p e c i m e n  g e o m e t r y  m o s t  c o m m o n ly  u s e d  
i n  e x p e r i m e n t a l  w o r k ,  t h a t  o f  t h e  l o n g  c i r c u l a r  c y l i n d e r ,  i s  
g i v e n  i n  S e c t i o n  A2®3® T h i s  s h o w s  t h a t  t h e  c o m p l e x  p e r m e a ­
b i l i t y  p  o f  t h e  c y l i n d e r  m ay  b e  e x p r e s s e d  a s  a  f u n c t i o n  o f  
t h e  d i m e n s i o n l e s s  p a r a m e t e r  z = J^ftcrtu. A , w h e r e  cu i s  t h e  f r e ­
q u e n c y  o f  t h e  s i n u s o i d a l  m a g n e t i c  f i e l d  i n  w h i c h  t h e  c y l i n d e r  
i s  p l a c e d  a n d  cr a n d  A a r e  t h e  c y l i n d e r ' s  c o n d u c t i v i t y  a n d  
r a d i u s  r e s p e c t i v e l y ®  T h e  c o m p u t e d  v a l u e s  o f  p  ' a n d  p "  , p  = 
p ' - i p " , a r e  p l o t t e d  a s  f u n c t i o n s  o f  z i n  F i g s .  A2»5 a n d  A 2*6  
w h i c h  s h o w  t h a t  w i t h  i n c r e a s i n g  z ,  p '  i s  m o n o t o n i c  d e c r e a s i n g  
b u t  t h a t  p "  p a s s e s  t h r o u g h  a  m a x i m u m ,z  = 2 . 5 1 5 ,  T a b l e  A2.1®
S i n c e  t h e  w o r k  o f  t h e  p r e c e d i n g  s e c t i o n s  h a s  s h o w n  t h a t  
i t  i s  p o s s i b l e  t o  r e l a t e  t h e  c o m p l e x  m u t u a l  i n d u c t a n c e  o f  
a  c y l i n d r i c a l  s p e c i m e n  t o  i t s  c o n d u c t i v i t y ,  i t  i s  c l e a r l y
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p o s s ib le  t o  d e te rm in e  such, a s p e c im e n 's  c o n d u c t i v i t y  as a 
f u n c t io n  o f  a p p l ie d  f i e l d  f r e q u e n c y  b y  d e te r m in in g  M and p 
f o r  a ra n g e  o f  f r e q u e n c ie s  and th e n  u s in g  th e  in f o r m a t io n  
i n  F igs®  A2®5 and A2,6® The m anner i n  w h ic h  th e  e x p e r i ­
m e n ta l v a lu e s  o f  M and p o b ta in e d  may be t r e a t e d  w i l l  now 
be g iv e n  t o  i l l u s t r a t e  th e  m ore d i f f i c u l t  i n t e r p r e t a t i o n  
r e q u i r e d  f o r  th e  r e s u l t s  o b ta in e d  when m easurem en ts  w ere 
made on d e fo rm e d  cadm ium  c r y s t a l s  o f  r e c t a n g u la r  s e c t io n *
6 .3  A M e th od  o f  D e te rm in in g  th e  C o n d u c t iv i t y  o f  a 
C y l i n d r i c a l  S p e c im e n
L e t  u s  suppose  t h a t  th e  c o n d u c t i v i t y  o f  a c y l i n d r i c a l  
sp e c im e n  i s  su ch  t h a t  i t  i s  p o s s ib le  t o  lo c a t e  th e  maximum 
i n  th e  p," c u rv e  w i t h in  th e  ba nd  o f  f r e q u e n c ie s  s u p p l ie d  b y  
th e  b r id g e  o s c i l l a t o r  i»e®  i t  i s  p o s s ib le  t o  d e te c t  a max­
imum i n  a p l o t  o f  p a g a in s t  a>§ and t h a t  th e  b r id g e  has been  
b a la n c e d  a t  v a r io u s  f r e q u e n c ie s  a ro u n d  t h i s  maximum t o  g iv e  
a s e t  o f  v a lu e s  o f  M, p and f(u> = 2 ? t f ) ,  F o l lo w in g  K ouw en- 
h o ve n  and D a ig e r 's  t r e a tm e n t  o f  th e  h ig h  f r e q u e n c y  s e l f  
in d u c ta n c e  o f  a s o le n o id  c o n ta in in g  a c o n d u c t in g  c o re  (1 0 6 )  
i t  can  be shown t h a t  as z te n d s  t o  la r g e  v a lu e s ,  i . e .  
z > 1 0 , f o r  a g iv e n  c o n d u c t i v i t y  cr th e  e x p re s s io n s  f o r  p 1 
and p w w h ic h  may be e x t r a c te d  fro m  S e c t io n  A 2 *3  a sym p to ­
t i c a l l y  a p p ro a c h  z e ro  as 1* C o n s e q u e n tly  l e t  us a ls o  
suppose  t h a t  s e v e r a l  e x p e r im e n ta l v a lu e s  o f  M and p have 
been  fo u n d  a t  v a lu e s  o f  z>10 i * e *  a t  f r e q u e n c ie s  g r e a te r
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S in c e  th e  c y l i n d r i c a l  spe c im e n  i s  o f  r a d iu s  A , [ 7 ]  
becomes
= 1 -  M ,  ! H" = -  1 .p  [8 ]
k A A  n p ip c A ^  u>
and fro m  th e  e x p e r im e n ta l v a lu e s  o f  M and p. a t  g iv e n  f r e ­
q u e n c ie s ,  p* and p " may be fo u n d  i f  th e  g e o m e tr ic  p a r a -  
2m e te r  n^n^-rcA i s  know n . As w i t h  a h ig h  s e n s i t i v i t y  b r id g e
M, p and cu can  be d e te rm in e d  w i t h  much g r e a te r  a c c u ra c y  
2th a n  A * i f  A i s  m easured  d i r e c t l y ,  i t  i s  p r e f e r a b le  t o
2d e te rm in e  n ^ n ^ A  n u m e r ic a l ly  fro m  th e  e x p e r im e n ta l r e s u l t s #
T h is  p a ra m e te r  may be fo u n d  b y  tw o  m ethods t o  an a c c u ra c y
l i m i t e d  o n ly  b y  t h a t  t o  w h ic h  th e  e x p e r im e n ta l v a lu e s  M, p
and f  can be m e a su re d . F i r s t l y ,  s in c e  i t  i s  known t h a t
th e  maximum v a lu e  o f  p ,! i s  0 *3 7 7 4 , T a b le  A 2 .1 ,  and may be
com puted  t o  any r e q u i r e d  a c c u ra c y ,  and th e  maximum v a lu e  o f
£  may be fo u n d  e i t h e r  g r a p h ic a l l y  o r  b y  n u m e r ic a l in t e r p o -  
cu P
l a t i o n ,  n^npTcA may be fo u n d  b y  s u b s t i t u t i o n  i n  th e  e x p re s ­
s io n  f o r  p "  i n  [ 8 ] .  A l t e r n a t i v e l y  i f  a p l o t  i s  made o f
M a g a in s t  1 f o r  th e  v a lu e s  o f  f  c o r re s p o n d in g  t o  v a lu e s  o f  
2
£>10 , n-j/ip ftA  may be fo u n d  e i t h e r  g r a p h ic a l l y  o r  b y  num er­
i c a l  e x t r a p o la t io n  as th e  M -a x is  in t e r c e p t  a t  1 = 0 .
J?
2The v a lu e  o f  n ^ n ^ A  o b ta in e d  may th e n  be use d  t o  c a l ­
c u la t e  f r o m  [fQ  th e  p *  and p u v a lu e s  c o r re s p o n d in g  t o  th e  
e x p e r im e n ta l v a lu e s  o f  M ,p  and f  o b ta in e d  i n  th e  r e g io n  o f  
th e  p "  maximum. L e t  u s  suppose  t h a t  th e s e  v a lu e s  o f  p ?
t h a n  2 0  t i m e s  t h o s e  a r o u n d  t h e  p" m a x i m u m .
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and p "  a re  p l o t t e d  a g a in s t  f® Then th e  v a lu e  f ^  o f  f  
c o r re s p o n d in g  t o  any  g iv e n  v a lu e  p-£ o r  p-^" o f  p 1 o r  p w 
w i t h in  th e  ra n g e  c o v e re d  b y  th e  e x p e r im e n ta l r e s u l t s  may 
be found®  B u t a g iv e n  v a lu e  o f  p '  o r ,  k n o w in g  on w h ic h  
s id e  o f  th e  p "  maximum f-^ l i e s ,  p ” u n iq u e ly  d e f in e s  a 
v a lu e  o f  z ,  F igs®  A2®5 and A2«6® Thus a t  p ^ 1 o r
z  ^  -  z ^ a o ^ A 2 =
f ro m  w h ic h  th e  s p e c im e n ’ s c o n d u c t i v i t y  cr may be fo u n d .
W ith  th e  tw o  c o i l  s ys te m s  a rra n g e m e n t i t  i s  p o s s ib le  
t o  d e te rm in e  cr t o  an a c c u ra c y  o f  0ol°/6 p r o v id in g  c a re  i s  
ta k e n  t o  d e te rm in e  th e  o th e r  p a ra m e te rs  i n  (j9l  w i t h  s u f f i ­
c ie n t  accu racy®  T h is  demands th e  use  o f  a b r id g e  o s c i l ­
l a t o r  o f  h ig h  s t a b i l i t y  whose f re q u e n c y  i s  d e te rm in e d  b y  a 
f r e q u e n c y  c o u n te r ,  com pu ted  v a lu e s  o f  z ,  t h a t  any  in t e r p e l ­
la t e d  v a lu e s  o f  p 1 , p ” o r  f  u se d  be fo u n d  n u m e r ic a l ly
and t h a t  th e  c o i l  s ys te m s  be d e s ig n e d  so t h a t  n ^  and
2n ^  a re  in t e g e r s  t o  e n a b le  A t o  be fo u n d  w i t h  a c c u ra c y
p
f ro m  th e  v a lu e  o f  th e  g e o m e tr ic  p a ra m e te r  n ^ n ^ A  o b ta in e d «
6 . 3 o1 A M e thod  o f  D e te rm in in g  th e  S p e c i f i c  R e s i s t i v i t y  
o f  D is lo c a t io n s  i n  a C y l i n d r i c a l  S pecim en
L e t  u s  suppose  t h a t  th e  c o i l  s y s te m  P2 , S2 i s  lo a d e d  
w i t h  a c y l i n d r i c a l  sp e c im e n  and t h a t  b o th  th e  c o i l s  sys te m s  
P ^ , Q and P2 , S2 a re  im m e rsed  i n  l i q u i d  h e l iu m .  By m a k in g  
th e  m ea sure m en ts  d e s c r ib e d  i n  th e  p r e v io u s  s e c t io n  p l o t s  o f
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p ^* and p ^ "  v e rs u s  f  can th e n  he made, f ro m  w h ic h  th e  s p e c ­
im e n ’ s c o n d u c t i v i t y  -^cr^ may he d e te rm in e d  a t  a g iv e n  f r e ­
q u e n cy  f-^ th ro u g h  th e  v a lu e  o f  q P q9 or 9 B ig .  6*3®
As a t  4 *2 °K  e le c t r o n -p h o n o n  s c a t t e r in g  may be c o n s id e re d  
n e g l i g i b l e ,  th e  s p e c im e n 's  r e s i s t i v i t y  p ^ , (Pq = 1 /c r ^ ) ,  
w i l l  c o m p r is e  t h a t  due t o  e le c t r o n - im p u r i t y  s c a t t e r in g  a ix l 
th e  s c a t t e r i n g  a s s o c ia te d  w i t h  l a t t i c e  d e fe c t s .
L e t  us  now suppose  t h a t  th e  sp e c im e n  i s  a n n e a le d  i n  
a m anner w h ic h  p ro m o te s  o n ly  d i s lo c a t io n  lo s s .  I f  a seco nd  
s e t  o f  m easurem en ts  a t  4 *2 °K  i s  th e n  m ade, f u r t h e r  p l o t s  
o f  p ^ 1 and p ^ "  v e rs u s  f  can  be m ade, F ig®  6 . 3 ,  and th e  
s p e c im e n 's  new r e s i s t i v i t y  p^ w i l l  be s m a l le r  th a n  p^ b y  
an am ount d e p e n d e n t on th e  m a g n itu d e  o f  th e  d i s lo c a t io n  
lo s s  o
S in c e  th e  v a lu e s  o f  ^ p ^ ' and qPq" d e f in e  a u n iq u e  
v a lu e  z , F igs®  A 2 .5  and A2®6, i f  th e  f re q u e n c y  f 2  w h ic h  
th e y  d e f in e  on th e  c u rv e s  p 2 * and P2 " be fo u n d ,  F ig .  6*39 
i t  f o l lo w s  f ro m  [ 9 ]  t h a t
A2 [ l o ]
whence _ f g
2 °2  f l
i . e .  2 P2 = f 2 j-1]L-j
1 P1 f l
H o w e ve r, as th e  sp e c im e n  i s  s i t u a t e d  i n  an a . c .  m a g n e t ic  
f i e l d  th e  e x te n t  t o  w h ic h  t h i s  f i e l d  w i l l  p e n e t r a te  i t  w i l l  
be d e p e n d e n t on z ,  S e c t io n  A 2 .4 .7  and F ig .  A 2 .1 0 ,  and
as 2 i s  a d im e n s io n le s s  p a ra m e te r .  S e c t io n  A 2 .3?  0 -b ] o n ly  
h o ld s  i f  p-  ^ and p^ a re  f r e q u e n c y  in d e p e n d e n t i . e .  th e  
sp e c im e n  has a hom ogeneous c o n d u c t iv i t y  b o th  b e fo r e  and 
a f t e r  a n n e a l.  T h a t t h i s  n e c e s s a ry  c o n d i t io n  i s  r e a l i z e d  
i n  p r a c t ic e  may be e s ta b l is h e d  f ro m  th e  c u rv e s  p-^ * » M'g* o r  
P l%  P p” b y  s h o w in g  t h a t  o v e r  th e  ra n g e  o f  f r e q u e n c ie s  i n
f
w h ic h  m ea su re m en ts  a re  m ade, _2  i s  c o n s ta n t .  On th e  
a s s u m p tio n  t h a t  t h i s  can be s h iw n , l e t
p1 = p± + pD
w here  p^ i s  th e  r e s i s t i v i t y  a s s o c ia te d  w i t h  e le c t r o n - im ­
p u r i t y  s c a t t e r in g  and p^ t h a t  a s s o c ia te d  w i t h  e le c t r o n -  
l a t t i c e  d e fe c ts  s c a t te r in g ®  p^ may th e n  be w r i t t e n
p2 = pi  + PD “  ^ PD
w here  A p ^  i s  th e  r e s i s t i v i t y  a s s o c ia te d  w i t h  th e  d i s lo c a ­
t io n s  w h ic h  w ere  rem oved f ro m  th e  sp e c im e n  b y  th e  a n n e a l.  
Thus
pi  -  p2 = A p d
and s in c e  f ro m  [ l o l
P1 “  p2 = “  f 2^ = ^ 2A2 A  £
i t  f o l l o w s  t h a t
1
an e x p re s s io n  w h ic h  g iv e s  th e  r e s i s t i v i t y  a s s o c ia te d  w i t h
- 1 9 7  -
th e  d i s lo c a t io n s  l o s t  d u r in g  th e  a n n e a l i n  te rm s  d e te r m in ­
a b le  p a ra m e te rs®  I f ,  b y  d e te r m in in g  th e  s p e c im e n ’ s d i s l o ­
c a t io n  d e n s i t y  N b o th  b e fo r e  and a f t e r  th e  a n n e a l,  th e  
change A n  i n  th e  d i s l o c a t i o n  d e n s i t y  o c c a s io n e d  b y  th e  
a n n e a l can  be fo u n d ,  [ l 2 j  may be u se d  t o  g iv e  a v a lu e  o f  
th e  r e s i s t i v i t y  p e r  u n i t  d i s lo c a t io n  A p ^ .
S F
I n  p r a c t i c e ,  a n n e a l in g  th e  spe c im e n  w i l l  cause  some 
s u r fa c e  c o n ta m in a t io n  e®g® th ro u g h  o x id a t io n  w h ic h  w i l l  
g iv e  a s u r fa c e  la y e r  whose c o n d u c t i v i t y  d i f f e r s  fro m  t h a t  
o f  th e  b u lk  m a t e r ia l .  T h is  la y e r  s h o u ld  be rem oved w i t h  
a c h e m ic a l p o l i s h  w h ic h  w i l l ,  h o w e v e r, re d u c e  th e  r a d iu s  o f  
th e  specim en® Thus i n  p r a c t ic e  Clo]  becom es
Z1 = l ° l f l Al 2 = 8,1 2 ° 2 f 2A2
and c o n s e q u e n t ly  (jL2] becom es
A p d = M i z y l  -  f 2A2 2 )
2L 2 1
2 2th u s  m a k in g  i t  n e c e s s a ry  t o  d e te rm in e  b o th  A-  ^ and A^ b y  
th e  m e th od  g iv e n  i n  S e c t io n  6®3 i f  A p p  i s  t o  be fo u n d ,
6 .4  The Need t o  E s t a b l is h  th e  R e la t io n  b e tw e e n  a H e c ta n g u la r  
P r is m ’ s C om plex P e r m e a b i l i t y  and i t s  C o n d u c t iv i t y
One o f  th e  a im s o f  t h i s  t h e s is  was t o  a t te m p t  t o  c o r ­
r e l a t e  th e  changes i n  th e  r e s i s t i v i t i e s  a t  4®2°K o f  d e fo rm ­
ed and s u b s e q u e n t ly  a n n e a le d  cadm ium c r y s t a l s  w i t h  th e  
changes  i n  t h e i r  d i s l o c a t i o n  d e n s i t ie s  as m easured  b y  th e
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e tc h  p i t  te c h n iq u e ,  S e c t io n  1 .5 *3 ®  From  th e  c o n c lu s io n s  
re a c h e d  i n  C h a p te r  5 i t  was a n t ic ip a t e d  t h a t  i t  s h o u ld  he 
p o s s ib le  t o  e s t a b l i s h  such  a c o r r e la t i o n  w i t h  th e  1 %  n i t a l  
edge d i s lo c a t io n  e tc h ,  s in c e  f ro m  th e  r e s u l t s  g a in e d  i n  t h a t  
c h a p te r  and th e  w o rk  o f  H i r s c h  and L a l l y  ( 3 6 ) ,  i t  d id  n o t  
seem u n re a s o n a b le  t o  suppose  t h a t  th e  in c re a s e  i n  th e  d i s ­
lo c a t io n  d e n s i t y  o f  d e fo rm e d  cadm ium  c r y s t a l s  was due m a in ly  
t o  an in c r e a s e  i n  th e  edge d i s lo c a t io n  d e n s i t y *
The re a s o n s  f o r  u s in g  th e  m u tu a l in d u c ta n c e  m ethod  t o  
m easure  th e  r e s id u a l  r e s i s t i v i t i e s  o f  th e  p r e s e n t  cadm ium  
c r y s t a l s  have been  g iv e n  i n  S e c t io n  6 * 1 ,  and t h a t  th e  r e s i s ­
t i v i t y  o f  a sp e c im e n  exa m in e d  b y  t h i s  m e thod  can  o n ly  be c a l ­
c u la te d  fro m  th e  m ea su re d  e x p e r im e n ta l p a ra m e te rs  i f  r e c o u rs e  
i s  made t o  a t h e o r e t i c a l  s o lu t io n  f o r  th e  s p e c im e n ’ s c o m p le x  
p e r m e a b i l i t y  has been  shown i n  S e c t io n  6 *2 .2 ®  The o r i e n t a ­
t i o n  o f  th e  p r e s e n t  s q u a re  s e c t io n  cadm ium  c r y s t a l s  i s  su ch  
t h a t  when th e y  a re  d e fo rm e d  i n  te n s io n  th e y  s u f f e r  s in g le  
s l i p  on th e  (0 0 0 1 ) [X2XoJ system® As th e  [ l 2 l o ]  d i r e c t i o n  
l i e s  i n  th e  ( lO lO )  p la n e  and th e  c r y s t a l s  w ere  g row n t o  e x ­
pose  t h i s  p la n e  as t h e i r  edge fa c e s ,  F ig®  2 . 1 ,  u n d e r  th e  
id e a l i z e d  c o n d i t io n  t h a t  t e n s i l e  d e fo rm a t io n  p ro d u c e d  homo­
geneous s l i p ,  th e  c r y s t a l s 1 c r o s s - s e c t io n s  w o u ld  have become 
r e c t a n g u la r .  T h u s , as th e  r e l a t i o n  b e tw e e n  a s p e c im e n ’ s 
c o m p le x  p e r m e a b i l i t y  and i t s  c o n d u c t i v i t y  i s  d e p e n d e n t on 
sp e c im e n  g e o m e try ,  S e c t io n  6 * 2 * 2 ,  b e fo r e  any r e s i s t i v i t y  
m easurem en ts  w e re  made on d e fo rm e d  cadm ium  c r y s t a l s  i t  was 
n e c e s s a ry  t o  have th e  t h e o r e t i c a l  s o lu t io n  o f  th e  p e r m e a b i l -
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i t y  p ro b le m  a p p r o p r ia te  t o  th e  g e o m e try  o f  a lo n g  p r is m  o f  
r e c t a n g u la r  c r o s s - s e c t io n *  T h is  was n o t  a v a i la b le  and so 
was fo u n d  and i s  p re s e n te d  f o r  th e  f i r s t  t im e  i n  A p p e n d ix  2®
The w o rk  o f  S e c t io n s  A2«4 t o  A2»4®8 shows t h a t  a l th o u g h
th e  s o lu t io n  o f  th e  p e r m e a b i l i t y  p ro b le m  f o r  a r e c t a n g u la r
p r is m  o f  i n f i n i t e  le n g th  i s  m ore d i f f i c u l t  th a n  th e  e x i s t i n g
s o lu t io n s  f o r  s im p le r  g e o m e tr ie s ,  th e  r e c t a n g u la r  p r is m 's
c o m p le x  p e r m e a b i l i t y  can  s t i l l  be e x p re s s e d  ae a f u n c t io n  o f
a d im e n s io n le s s  p a ra m e te r  z = A , w here  2A i s  th e  le n g th
B
o f  a s id e  o f  th e  r e c t a n g le ,  p r o v id in g  t h a t  th e  r a t i o  u = A 
i s  kno w n , w here  2B i s  th e  le n g th  o f  th e  r e c t a n g le 's  o th e r  
s id e *  T h u s , u n l i k e  th e  c i r c u l a r  c y l i n d e r  s o lu t io n  w h ic h  
g iv e s  u n iq u e  p lo t s  o f  p.' and p "  v e rs u s  z ,  th e  r e c ta n g u la r  
p r is m  s o lu t io n  g iv e s  f a m i l i e s  o f  c u rv e s  f o r  p* and p "  , w here  
e a ch  member i s  s p e c i f ie d  b y  i t s  v a lu e  o f  u ,  F ig s .  A2®5 and 
A 2 *6 * N e v e r th e le s s ,  p r o v id in g  a d e fo rm e d  cadm ium  c r y s t a l ' s  
u v a lu e  c o u ld  be d e te rm in e d ,  and hence th e  a p p r o p r ia te  p a i r  
o f  p 1 and p "  c u rv e s  s e le c te d ,  fro m  th e  s i m i l a r i t y  o f  th e  c i r ­
c u la r  c y l i n d e r  and r e c t a n g u la r  p r is m  s o lu t io n s  i t  f o l lo w e d  
t h a t  th e  m ethod  o f  S e c t io n  6 * 3 * 1  c o u ld  be u se d  to  a t te m p t  
t o  e s t a b l i s h  th e  a n t ic ip a t e d  c o r r e la t i o n  b e tw e e n  th e  d e ­
fo rm e d  cadm ium  c r y s t a l s '  changes i n  r e s id u a l  r e s i s t i v i t i e s  
on a n n e a l in g  and th e  r e s u l t i n g  changes i n  t h e i r  d i s lo c a t io n  
d e n s i t ie s  as m easured  b y  th e  1 %  n i t a l  edge d i s lo c a t io n  
e tc h *
H o w e ve r, b e fo r e  e x p e r im e n ta l  w o rk  on c r y s t a l s  d e fo rm e d
b y  th e  p ro c e d u re  o f  S e c t io n  5 .5  was p u rs u e d  th r e e  p r e l im in ­
a r y  i n v e s t ig a t io n s  had  t o  be made i n  o r d e r  t o  d e v e lo p  a 
s u i t a b le  a n n e a l in g  p ro c e d u re ,  t o  e n s u re  t h a t  t h i s  d id  n o t  
cause  an y  im p u r i t y  re a r ra n g e m e n t i n  th e  c r y s t a l s  and t o  d e ­
te rm in e  th e  v a c a n c y  d i f f u s i o n  t im e  i n  d e fo rm e d  c r y s t a l s ,
6«5 The D e ve lo p m e n t o f  a S u it a b le  A n n e a lin g  P ro c e d u re
A s u i t a b le  a n n e a l in g  p ro c e d u re  was one w h ic h  p ro d u c e d  
a change i n  th e  r e s i s t i v i t y  o f  a d e fo rm e d  c r y s t a l  la r g e  
enough t o  be d e te c ta b le  b y  th e  H a r ts h o rn  b r id g e  and P oxon 
(1 1 4 )  c o n s id e re d  t h a t  su ch  a p ro c e d u re  s h o u ld  be c a p a b le  
o f  d e c re a s in g  a d e fo rm e d  c r y s t a l ' s  d i s lo c a t io n  d e n s i t y  b y  
an o r d e r  o f  m agn itude®  W ith  t h i s  as a c r i t e r i o n  e x p e r i ­
m en ts  w ere  c a r r ie d  o u t  t o  d is c o v e r  how such  an a n n e a l c o u ld  
be a c h ie v e d .  S in c e  l i t t l e  i s  known a b o u t th e  t h e o r y  o f  
a n n e a l in g  ( 1 1 5 ) ,  s a t i s f a c t o r y  a n n e a lin g  p ro c e d u re s  have t o  
be d e v e lo p e d  e m p i r i c a l l y  and th o u g h  f o r  a p a r t i c u l a r  m a te r ­
i a l  i t  c a n n o t be a n t i c ip a t e d  i f  an is o th e r m a l  o r  a c y c l i c  
a n n e a l w i l l  p ro v e  th e  s u p e r io r ,  i t  i s  g e n e r a l ly  a c c e p te d  
t h a t  tw o  f a c t o r s  w h ic h  c o n t r o l  s u c c e s s fu l  a n n e a lin g  a re  th e  
c lo s e n e s s  w i t h  w h ic h  th e  a n n e a l in g  te m p e ra tu re  can be made 
t o  a p p ro a c h  th e  m a t e r i a l 's  m e l t in g  p o in t  and th e  r a t e  a t  
w h ic h  th e  m a t e r ia l  i s  c o o le d  fro m  t h i s  te m p e ra tu re  (1 1 6 , 
1 1 7 ) .
Though th e  m e l t in g  p o in t  o f  cadm ium  i s  321°C i t  was 
fo u n d  t h a t  c r y s t a l s  m oun ted  f o r  t e n s i l e  d e fo r m a t io n  c o u ld
—  2 0 1  —
be r a is e d  o n ly  t o  180°C  s in c e  te m p e ra tu re s  above t h i s  i n c i n ­
e r a te d  th e  A r a l d i t e  w i t h  w h ic h  th e  S in d a n y o  e n d -p ie c e s  
w ere  a t ta c h e d  t o  th e  c r y s t a l s ,  S e c t io n  5 .2 .  As t h i s  
ca u se d  m is a lig n m e n t  o f  th e  e n d -p ie c e s ,  and th e s e  had  been 
d e s ig n e d  t o  e n s u re  t h a t  th e  c r y s t a l  c o u ld  a lw a y s  be c e n t r e d  
i n  th e  r e s i s t i v i t y  c o i l  s y s te m , i n c in e r a t i o n  o f  th e  A r a ld i t e  
was n o t  a c c e p ta b le .  C o n s e q u e n tly  a t t e n t i o n  was d i r e c t e d  
a t  e x a m in in g  th e  e f f e c t iv e n e s s  o f  p ro lo n g e d  a n n e a ls  a t  180%
S e v e ra l unm ou n ted  a s -g ro w n  c r y s t a ls  w ere  l i g h t l y  d e ­
fo rm e d  b y  hand  th e n  e tc h e d  and t h e i r  d i s l o c a t i o n  d e n s i t ie s  
w ere  d e te rm in e d  b y  th e  p ro c e d u re  o f  S e c t io n  5 .4 .  They 
w ere th e n  s u b je c te d  to  is o th e r m a l  a n n e a ls  o f  v a r io u s  d u r -
O , > Q
a t io n s  i n  an oven c a p a b le  o f  m a in ta in in g  180 C t o  -  1 C 
and a l lo w in g  th e  c r y s t a l s  t o  be c o o le d  f ro m  180°C t o  room  
te m p e ra tu re  o v e r  a p e r io d  o f  4 h o u rs .  F o l lo w in g  a n n e a l in g ,  
c r y s t a l s  w ere r e - e tc h e d  and th e  d e c re a s e  i n  t h e i r  d i s lo c a ­
t i o n  d e n s i t i e s  was a s s e s s e d . These e x p e r im e n ts  in d ic a t e d  
t h a t ,  i r r e s p e c t i v e  o f  a c r y s t a l ' s  d e fo rm e d  d i s lo c a t io n  d e n ­
s i t y ,  a 72 h o u r  a n n e a i a t  180°C  re d u c e d  t h i s  d e n s i t y  t o  b e ­
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tw e e n  5 .1 0  /cm  and 10 /c m  and t h a t  lo n g e r  a n n e a ls  a t  t h i s  
te m p e ra tu re  d id  n o t  re d u c e  th e  d i s lo c a t io n  d e n s i t y  any  
f u r t h e r .  The e f f e c t  o f  a n n e a l in g  a t  180°C  a m oun ted  c r y ­
s t a l  w h ic h  had  been  e x te n d e d  3 0 %  a t  a s t r a i n  r a t e  o f  0 .0 1  
mm/min was fo u n d  t o  be i n  a g re e m e n t w i t h  th e  above r e s u l t s .  
Thus i t  was c o n c lu d e d  t h a t  a s u i t a b le  a n n e a l in g  p ro c e d u re  
f o r  c r y s t a l s  d e fo rm e d  a t  t h i s  s t r a i n  r a t e  la y  w i t h  a 72 h o u r
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is o th e r m a l a n n e a l a t  180°C  f o l lo w e d  b y  a 4  h o u r  c o o l t o  
room  te m p e ra tu re *  When th e  e f f e c t  p ro d u c e d  b y  t h i s  p r o ­
c e d u re  was c o u p le d  w i t h  th e  s u g g e s te d  a n n e a l in g  c r i t e r i o n
i t  in d ic a t e d  t h a t  o n ly  c r y s t a l s  whose d e fo rm e d  d i s lo c a t io n
6  2d e n s i t ie s  w ere  i n  e x c e s s  o f  5 e l0  /cm  w o u ld  be s u i t a b le  f o r  
d i s lo c a t io n  r e s i s t i v i t y  m e a su re m e n ts .
6 * 5 .1  The A bsence o f  I m p u r i t y  R e a rra n g e m e n t on A n n e a lin g
I f  th e  r e s i s t i v i t y  due t o  d i s lo c a t io n s  was t o  be mea­
s u re d  b y  th e  m ethod  o f  S e c t io n  6 ® 3*1 9 i t  was e s s e n t ia l  t o  
show t h a t  th e  a n n e a l in g  p ro c e d u re  d e v e lo p e d  i n  th e  p r e v io u s  
s e c t io n  cau sed  no im p u r i t y  re a r ra n g e m e n t w i t h in  th e  c r y s ta ls ®
As th e  a n n e a l in g  e x p e r im e n ts  had shown t h a t  th e  s e le c ­
te d  a n n e a l in g  p ro c e d u re  was n o t  c a p a b le  o f  r e d u c in g  a
tr p
c r y s t a l ’ s d i s l o c a t i o n  d e n s i t y  b e lo w  5 *1 0  /c m  , an a s -g ro w n
c r y s t a l ,  SXO, o f  e x c e p t io n a l l y  lo w  d i s lo c a t io n  d e n s i t y  was
s e le c te d  and m ou n ted  i n  e n d -p ie c e s .  I t  was th e n  r e - e tc h e d
5 2and i t s  d i s l o c a t i o n  d e n s i t y  was fo u n d  t o  be 2 .7 .1 0  /c m  .
T h is  c r y s t a l  was in s e r t e d  i n t o  th e  sp e c im e n  c o i l  s y s te m  
w h ic h  was th e n  p la c e d  i n  th e  c r y o s t a t ’ s in n e r  d e w a r, su b ­
m erged i n  l i q u i d  h e l iu m  and c o n n e c te d  t o  th e  H a r ts h o rn  
b r id g e .
When th e  b r id g e  was b a la n c e d  a t  s e le c te d  f r e q u e n c ie s  
o v e r  th e  ra n g e  3 c /s  t o  I k c / s ? fro m  th e  v a lu e s  o f  - j o b ta in e d  
i t  became c le a r  t h a t  t h i s  p a ra m e te r ,  and hence p n , re a c h e d  
i t s  maximum v a lu e  a t  a f r e q u e n c y  b e lo w  3 c / s , th e  lo w e s t  a t
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w h ic h  th e  b r id g e  c o u ld  be b a la n c e d *  H ence , t o  o b ta in  
re a d in g s  as c lo s e  t o  th e  p " p e a k  as p o s s ib le ,  i . e .  a t  f r e ­
q u e n c ie s  w h ic h  p ro d u c e d  th e  maximum f i e l d  p e n e t r a t io n  i n t o  
th e  c r y s t a l  w h ic h  th e  b r id g e  w o u ld  a l lo w ,  th e  b r id g e  was 
b a la n c e d  a t  20 f r e q u e n c ie s  o v e r  th e  ra n g e  3 t o  73 c / s .
A ls o ,  s in c e  th e  p ,T p e a k  c o u ld  n o t  be lo c a te d ,  th e  c r y s t a l ' s
g e o m e tr ic  p a ra m e te r  n^n^C  had t o  be fo u n d  fro m  an e x t r a -
1p o la te d  p l o t  o f  M v s  j j , S e c t io n  6 * 3 .  Thus th e  b r id g e  was 
a ls o  b a la n c e d  a t  f r e q u e n c ie s  o f  1 0 0 , 1 2 0 , 1 6 0 , 2 0 0 , 280 and 
4 0 0 c /s  t o  p r o v id e  t h i s  p l o t .
The v a lu e s  o f  M w h ic h  w ere e n c o u n te re d  la y  i n  th e  
ra n g e  7000 t o  9000 pH and i t  was fo u n d  t h a t  th e  b r i d g e 1s 
e x c e l le n t  s t a b i l i t y  e n a b le d  any b a la n c e  p o in t  t o  be r e lo c a ­
te d  w i t h  an a c c u ra c y  o f  -  lp H ,  i . e .  a lm o s t i  . 0 1 % .  A s , 
i n  a d d i t i o n ,  th e  M -a x is  i n t e r c e p t  a t = 0 was fo u n d  b y
n u m e r ic a l ly  e x t r a p o la t in g  th e  l i n e  o f  l e a s t  s q u a re s  r e g r e s -  
1s io n  on th e  ^  a x is ,  i t  was e s t im a te d  t h a t  th e  g e o m e tr ic  
p a ra m e te r  n -^ ^ C  c o u ld  be fo u n d  t o  an a c c u ra c y  o f  + ®05C/6o 
H ence , when th e  p *  and p n v a lu e s  c o r re s p o n d in g  t o  th e  g ro u p  
o f  20 f r e q u e n c ie s  w ere  c a lc u la t e d  u s in g  e q u a t io n  [ 7 ] ,  
S e c t io n  6 . 2 . 1 ,  i t  was e s t im a te d  t h a t  th e y  w ere  d e te rm in a b le  
t o  an a c c u ra c y  o f  c e r t a i n l y  0o l° /6o
*!
A f t e r  th e s e  m easu rem en ts  had been made th e  c r y s t a l  was 
hung in s id e  a b ra s s  tu b e  whose i n t e r n a l  b o re  was th e  same 
as t h a t  o f  th e  p r im a r y  c o i l  fo r m e r ,  F ig .  6 . 2 ,  t o  e n s u re  
t h a t  a f t e r  a n n e a l in g  th e  c r y s t a l  c o u ld  be r e p la c e d  i n  th e
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r e s i s t i v i t y  c o i l  s y s te m  w i t h o u t  b e in g  dam aged. The c r y ­
s t a l  was th e n  a n n e a le d  a c c o rd in g  t o  th e  e s ta b l is h e d  72 h o u r  
is o th e r m a l  a n n e a l a t  180°Co S in c e  t h i s  a n n e a l to o k  p la c e  
i n  a i r ,  when th e  c r y s t a l  was rem oved  fro m  th e  b ra s s  tu b e  
i t  was c o v e re d  b y  a t h i n  la y e r  o f  o x id e .  T h is  was rem oved  
b y  p o l i s h in g  th e  c r y s t a l  f o r  3 0  sec i n  2 0 %  n i t a l  a f t e r  
th e  m anner o f  S e c t io n  5 .5 »  The c r y s t a l  was th e n  r e lo c a te d  
i n  th e  sp e c im e n  c o i l  s y s te m  i n  th e  i d e n t i c a l  p o s i t i o n  i t  
had o c c u p ie d  d u r in g  th e  f i r s t  h e liu m  r u n .  A second  h e liu m  
r u n  was th e n  c o m p le te d  d u r in g  w h ic h  th e  b r id g e  was b a la n c e d  
a t  th e  same f r e q u e n c ie s  w h ic h  had been u s e d  d u r in g  th e  
f i r s t  r u n .  F rom  th e  new v a lu e s  o f  M ,p  and f  fo u n d ,  th e  
new , re d u c e d  v a lu e  o f  th e  g e o m e tr ic  p a ra m e te r  u^n^C  was 
c a lc u la t e d  fro m  w h ic h  th e  p* and p " v a lu e s  c o r re s p o n d in g  t o  
th e  g ro u p  o f  20 f r e q u e n c ie s  w ere  fo u n d .  The c r y s t a l  was 
th e n  r e - e tc h e d  t o  e s t a b l i s h  t h a t  i t s  d i s l o c a t i o n  d e n s i t y  
had n o t  been changed  b y  th e  a n n e a l.
As i t  had b een  shown t h a t  t h i s  c r y s t a l ' s  d i s lo c a t io n  
d e n s i t y  had  n o t  been  cha nged  b y  th e  a n n e a l,  i f  i t  c o u ld  be 
d e m o n s tra te d  t h a t  th e  c r y s t a l ' s  c o n d u c t i v i t y  had a ls o  r e ­
m a in e d  u n ch a n g e d , i t  c o u ld  th e n  be dedu ced  t h a t  th e  a n n e a l­
in g  p ro c e d u re  u s e d  ca u se d  n e i t h e r  any  m e a s u ra b le  im p u r i t y  
re a r ra n g e m e n t w i t h i n  th e  c r y s t a l ,  n o r  any  d e te c ta b le  v a c a n ­
c ie s  t o  be in je c t e d  i n t o  i t .  I t  ha s  been  p o in te d  o u t  i n  
S e c t io n  6 .4  t h a t  th e  w o rk  o f  S e c t io n s  A 2 .4  t o  A 2 .4 .8  shows 
t h a t  th e  com p on en ts  p «9 p n o f  a r e c t a n g u la r  c r y s t a l ' s  c o m p le x
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p e r m e a b i l i t y  may be r e la t e d  t o  th e  d im e n s io n le s s  p a ra m e te r  
z = r£%<J(x>»A th r o u g h  th e  g ra p h s  p re s e n te d  i n  F ig s .  A 2 „5  and 
A2®6, p r o v id in g  th e  r a t i o  u o f  th e  r e c t a n g le 's  s id e s  i s  
known® As th e  c r y s t a l  in v o lv e d  i n  th e  p r e s e n t  a n n e a l in g  
e x p e r im e n ts  was u n d e fo rm e d , i n  c r o s s - s e c t io n  i t  was sq u a re * 
u *= 1 , d u r in g  b o th  th e  f i r s t  and th e  second  h e liu m  r u n s , 
s in c e  th e  in te r m e d ia te  c h e m ic a l p o l i s h  was known t o  rem ove 
cadm ium  a t  a r a t e  o f  1 2 p /m in  fro m  any p la n e  c r y s t a l  s u r fa c e ,  
S e c t io n  3 * 8 .  Hence i t  f o l lo w e d  t h a t  i f  th e  c r y s t a l ' s  co n ­
d u c t i v i t y  had re m a in e d  c o n s ta n t ,  a t  a g iv e n  v a lu e  o f  p ' o r  
p "  i t  s h o u ld  have  be en  p o s s ib le  t o  d e m o n s tra te  t h a t  th e  r e ­
l a t i o n
W  = f aAa2 t d
h e ld ,  w here  th e  s u b s c r ip t s  b and a d e n o te  v a lu e s  b e fo r e  and 
a f t e r  th e  a n n e a l r e s p e c t i v e ly .
Now s in c e  th e  c r y s t a l  m a in ta in e d  i t s  s q u a re  s e c t io n ,
th e  g e o m e tr ic  p a ra m e te r  n-^n^C c o u ld  be w r i t t e n  b e fo r e  th e
2 2  a n n e a l as ? and a f t e r  th e  a n n e a l as n qn 24Aa ? and
as t h i s  p a ra m e te r  was fo u n d  i n  b o th  th e s e  ca se s  b y  n u m e r ic a l
2 2e x t r a p o la t io n ,  A^ and Aa w ere  fo u n d  w i t h  accu racy®  The
f r e q u e n c ie s  t o  w h ic h  th e  20 v a lu e s  o f  b o th  p 1 and p lt c a l ­
c u la te d  b e fo r e  th e  a n n e a l w o u ld  have g iv e n  r i s e  t o  a f t e r  
th e  a n n e a l w ere  com puted  b y  u s in g  th e  A i t k e n  i n t e r p o la t i o n  
p ro c e d u re  on th e  v a lu e s  o f  p '  and p lf fo u n d  a t  th e  g ro u p  
o f  20 f r e q u e n c ie s  a f t e r  th e  a n n e a l.  T h is  gave th e  v a lu e s
o f  f  to  w h ic h  e q u a t io n  [ l 4 j  s h o u ld  have g iv e n  r i s ea
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and when i t  was shown t h a t  th e s e  v a lu e s  a g re e d  w i t h  th e
v a lu e s  o f  f  c a lc u la t e d  fro m  [1 4 ]  t o  w i t h in  ~ 0 . 5 % ,  i ta
was c o n c lu d e d  t h a t  th e  a n n e a l in g  p ro c e d u re  d id  i n  f a c t  
cause  n e i t h e r  any  m e a s u ra b le  im p u r i t y  re a r ra n g e m e n t w i t h in  
th e  c r y s t a l ,  n o r  any  d e te c ta b le  V a c a n c ie s  t o  be in je c t e d  
i n t o  i t .
6 .5 * 2  The D e te r m in a t io n  o f  th e  V a can cy  D i f f u s io n  T im e
When a c r y s t a l  i s  d e fo rm e d , c o ld - w o r k  ca u se s  th e  f o r ­
m a t io n  o f  v a c a n c ie s  w i t h in  i t s  b u lk  and th e s e  can g iv e  r i s e  
t o  e le c t r o n  s c a t t e r i n g  i . e .  th e y  add t o  th e  c r y s t a l ' s  r e ­
s i s t i v i t y *  As th e  p r e s e n t  e x p e r im e n ts  w ere  d i r e c t e d  a t  
d e te r m in in g  th e  change i n  a d e fo rm e d  c r y s t a l ' s  r e s i s t i v i t y  
on a n n e a l in g ,  w here  t h i s  change was due s o le l y  t o  d i s lo c a ­
t i o n  lo s s ,  i t  f o l lo w e d  t h a t  b e fo r e  th e  r e s i s t i v i t y  o f  a 
c r y s t a l  a f t e r  d e fo r m a t io n  c o u ld  be d e te rm in e d ,  s u f f i c i e n t  
t im e  had  t o  be a l lo w e d  to  e la p s e  t o  e n a b le  th e  v a c a n c ie s  
c r e a te d  d u r in g  d e fo r m a t io n  t o  d i f f u s e  t o  s in k s .  T h is  t im e  
was d e te rm in e d  e x p e r im e n ta l ly .
A m oun ted  c r y s t a l ,  SX30, was e x te n d e d  3 0 %  a t  a s t r a i n  
r a t e  o f  0®01mm/min and th e n  in s e r t e d  i n t o  th e  sp e c im e n  c o i l  
s y s te m  and subm erged i n  l i q u i d  h e liu m  as soon as p o s s ib le  
a f t e r  th e  d e fo r m a t io n ,  a b o u t 2 h o u rs .  As i n  th e  p r e v io u s  
s e c t io n ,  th e  b r id g e  was th e n  b a la n c e d  a t  20 f r e q u e n c ie s  
o v e r  th e  ra n g e  3 t o  73 c / s  and th e  s i x  h ig h e r  f r e q u e n c ie s
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t o  g iv e  c o r re s p o n d in g  v a lu e s  o f  M and p . F o l lo w in g  t h i s  
f i r s t  h e liu m  ru n  th e  c r y s t a l  was a l lo w e d  t o  r i s e  t o  room  
te m p e ra tu re  and re m a in  th e r e  f o r  24 h o u rs  i n  s i t u  i n  th e  
sp e c im e n  c o i l  s ys te m  t o  a l lo w  v a c a n c y  d i f f u s i o n  t o  c o n tin u e ®  
I t  was th e n  re su b m e rg e d  i n  l i q u i d  h e liu m  and a s e c o n d , 
i d e n t i c a l  h e liu m  ru n  was c o m p le te d . A f t e r  t h i s  th e  c r y ­
s t a l  was a l lo w e d  t o  re m a in  a t  room  te m p e ra tu re  f o r  a f u r ­
t h e r  24 h o u rs  b e fo r e  a t h i r d  h e liu m  ru n  was c o m p le te d  and 
f o l l o w in g  t h i s  th e  c r y s t a l  was k e p t  a t  room  te m p e ra tu re  
f o r  a f u r t h e r  4  d a ys  b e fo r e  a f o u r t h  h e liu m  ru n  was com­
p le te d ®
As th e  c r y s t a l ' s  shape had re m a in e d  u n cha nged  d u r in g  th e  
c o u rs e  o f  th e s e  e x p e r im e n ts ,  an y  change i n  i t s  c o n d u c t i v i t y  
w o u ld ,  a t  f i x e d  f r e q u e n c y ,  have  m a n ife s te d  i t s e l f  as a change 
i n  th e  p a ra m e te r  z = J 4 tcotu * A , and hence  p '  and p n and th u s  
th e  e x p e r im e n ta l v a lu e s  o f  M and p o b ta in e d .  I t  was fo u n d  
t h a t  a t  each  o f  th e  f r e q u e n c ie s  i n  th e  g ro u p  o f  20 a m arked  
change i n  th e  c o r re s p o n d in g  v a lu e s  o f  M and p o c c u r re d  b e ­
tw e e n  th e  f i r s t  and s e c o n d , th e  second  and t h i r d  b u t  n o t  th e  
t h i r d  and f o u r t h  h e l iu m  r u n s ,  whose c o r re s p o n d in g  v a lu e s  o f  
M and p a g re e d  t o  w i t h in  i  ® 04% . Thus i t  was c o n c lu d e d ,  
n o t  o n ly  t h a t  a l l  v a c a n c y  d i f f u s i o n  d e te c ta b le  b y  th e  a p p a r­
a tu s  had  ta k e n  p la c e  48 h o u rs  a f t e r  th e  c r y s t a l  had been  d e ­
fo rm e d , b u t  t h a t  an y  d i s l o c a t i o n  lo s s  w h ic h  o c c u r re d  f ro m  
th e  c r y s t a l  a f t e r  t h i s  p e r io d  was a ls o  n o t  d e te c ta b le .
A t  t h i s  p o in t ,  h o w e v e r, an i n t e r e s t i n g  phenom enon was
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o b s e rv e d . The com b in ed  e f f e c t  o f  th e  d i f f u s i o n  o f  v a c a n c ie s  
and d i s lo c a t io n  lo s s  f ro m  th e  c r y s t a l  d u r in g  th e  4-8 h o u rs  
a f t e r  d e fo r m a t io n  m us t have ca u se d  th e  c r y s t a l ’ s c o n d u c t i v i t y  
t o  in c re a s e  d u r in g  t h i s  p e r io d #  S in c e  A re m a in e d  c o n s ta n t ,  
a t  a g iv e n  f r e q u e n c y  t h i s  s h o u ld  have ca u se d  an in c re a s e  i n  
th e  v a lu e  o f  z and th u s  a c o n s e q u e n t d e c re a s e  i n  b o th  p 1 and 
p ” . T h is  d e c re a s e  s h o u ld  have p ro d u c e d , e q u a t io n  [ 7 ] ,  v a lu e s  
o f  M W hich  in c re a s e d  and v a lu e s  o f  p w h ic h  d e c re a s e d  o v e r  
th e  48 h o u r  p e r io d .  I t  was t h e r e f o r e  s u r p r i s in g  t o  f i n d  
t h a t  th e  o b s e rv e d  changes  i n  M and p w ere  i n  th e  o p p o s ite  
sense  t o  t h a t  e x p e c te d ,  i n d i c a t i n g  t h a t  th e  c r y s t a l ' s  co n ­
d u c t i v i t y  had a p p a r e n t ly  d e c re a s e d  d u r in g  t h i s  p e r io d .  A t  
t h i s  s ta g e  no e x p la n a t io n  o f  t h i s  o b s e r v a t io n  c o u ld  be o f f e r ­
ed b u t  as a c o n s id e r a t io n  o f  th e  r e s u l t s  o b ta in e d  in d ic a t e d  
t h a t  th e s e  m ig h t  have l a i n  i n  th e  anom a lous s k in  e f f e c t  
r e g io n ,  some a t te m p t  was made t o  e s t im a te  th e  e f f e c t  anoma­
lo u s  b e h a v io u r  w o u ld  have on th e  i n t e r p r e t a t i o n  o f  th e  meas­
u re m e n ts  made®
6®6 The A n o m a lo u s  S k i n  E f f e c t
The r e s u l t s  o f  S e c t io n s  6 * 5 * 1  and 6 .5 * 2  had shown t h a t  
o v e r  th e  f r e q u e n c y  ra n g e  3 t o  73 c / s  c o v e re d  b y  e x p e r im e n ts ,  
th e  v a lu e s  o f  p ? and p "  e n c o u n te re d  la y  i n  th e  ra n g e  0 .1 5  t o
0 .0 5 *  F ig s .  A 2 .5  and A 2 .6  show t h a t  f o r  a c r y s t a l  o f  s q u a re  
s e c t io n  z i s  a b o u t 9 when p f and p "  a re  0 .1 5 *  Hence th e  
r e s id u a l  r e s i s t i v i t i e s  o f  th e  cadm ium c r y s t a l s  w ere  e s t im a te d
2 2f ro m  z = 4-Tcacu.A
- 1t o  be p ~ 1 .2® 10  e .m .u .
- 1 0i .e ®  p ^ l o 2 ® 1 0  ohm cm
s in c e  A was a b o u t 2mm and f  was a b o u t 3 c / s  when z was 9°
Now th e  t h e o r y  w h ic h  has been u se d  t o  i n t e r p r e t  th e  
e x p e r im e n ta l r e s u l t s  i s  b a se d  on an a n a ly s is  w h ic h  i t  i s  
assumed i s  a p p l ic a b le  t o  th e  e x p e r im e n ta l a rra n g e m e n t used® 
I n  p a r t i c u l a r  t h i s  demands t h a t  u n d e r  th e  e x p e r im e n ta l con ­
d i t i o n s  e n c o u n te re d ,  e q u a t io n  [7 ]  , S e c t io n  A 2 .1 ,  i . e .
V 2H » ±.4wcr».H
i s  v a l id ®  T h is  im p l ie s  t h a t  cr i s  n o t  a f u n c t io n  o f  cu and
t h a t  th e  c u r r e n t  d e n s i t y  a t  any  p o in t  i n  th e  spe c im e n  i s
d e te rm in e d  e n t i r e l y  b y  th e  v a lu e  o f  th e  e l e c t r i c  f i e l d  a t
th e  same p o in t®  R e u te r  and S o n d h e im e r (1 1 8 )  have shown
t h a t  i n  th e  case  when th e  p e n e t r a t io n  d e p th  o f  th e  f i e l d
i s  s m a ll com pared w i t h  th e  l i n e a r  d im e n s io n s  o f  th e  sp e c im e n
so t h a t  i t  i s  p e r m is s ib le  t o  r e g a rd  th e  s u r fa c e  o f  th e  s p e c i
men as p la n e  and i n f i n i t e  i n  e x t e n t ,  th e s e  c o n d i t io n s  a re
—1s a t i s f i e d  p r o v id e d  £/b &  10 , w here  £ i s  th e  e le c t r o n ic
mean f r e e  p a th  and 6 i s  th e  s k in  d e p th  f o r  a p la n e  s u rfa c e ®  
I f  p i s  m easu red  i n  m ic ro h m  cm, f  i n  k c / s  and 6 i n  cm,
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w hence , f o r  th e  p r e s e n t  c r y s t a l s  w here  p 10~^ pXl cm and 
f  = 3 *1 0 '“ 5 k c / s ,
6 ^  0® 3 nim.
A ls o ,  as Cham hers (1 1 9 )  has shown t h a t  f o r  m ost m e ta ls
p £  <y 1 0 ^ 5  ^,Q ,cm2
i t  f o l l o w s  t h a t  f o r  th e  cadm ium  c r y s t a ls
^ y  1 mm
and th u s  £ ^  36 *
H e nce , s in c e  f o r  th e  p r e s e n t  c r y s t a l s  6 was n o t  s m a ll com­
p a re d  w i t h  t h e i r  l i n e a r  d im e n s io n s ,  i t  c o u ld  n o t  he s a id
—1t h a t  b e ca u se  th e  c o n d i t io n  ^ /6  *■& 10 was n o t  s a t i s f i e d ,  
t h a t  e q u a t io n  [ 7 ]  , S e c t io n  A2®1, was i n v a l i d  u n d e r  th e  
e x p e r im e n ta l c o n d i t io n s  e n c o u n te re d . I t  th u s  became c le a r  
t h a t  i f  th e  p r e s e n t  e x p e r im e n ta l r e s u l t s  w e re  t o  be i n t e r ­
p r e te d ,  th e  t h e o r y  o f  th e  anom a lous s k in  e f f e c t  i n  an i n ­
f i n i t e l y  lo n g  sp e c im e n  o f  r e c ta n g u la r  s e c t io n  was r e q u i r e d  
and t h a t  t h i s  had t o  be a p p l ic a b le  t o  th e  case  when ^  a/ 6 
and 6 was c o m p a ra b le  w i t h  th e  l i n e a r  d im e n s io n s  o f  th e  sp e ­
c im e n 's  c r o s s - s e c t io n ®
Jones  (1 2 0 )  p o in te d  o u t  t h a t  t h i s  t h e o r y  does n o t  
e x i s t  b u t  as he c o n s id e re d  t h a t  he c o u ld  make e s t im a te s  o f  
th e  e f f e c t  o f  la r g e  mean f r e e  p a th s  a v a i l a b le ,  e x p e r im e n ta l
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w o rk  was c o n t in u e d  t o  e n a b le  th e  r e s id u a l  r e s i s t i v i t i e s  o f  
d e fo rm e d  and s u b s e q u e n t ly  a n n e a le d  cadm ium  c r y s t a l s  t o  be 
fo u n d .
6 e7 The E x p e r im e n ta l P ro c e d u re  A d o p te d
The w o rk  o f  S e c t io n s  6®5, 6®5*1 and 6 .5 .2  had d e v e lo p ­
ed a s u i t a b le  a n n e a l in g  p ro c e d u re ,  had shown t h a t  t h i s  d id  
n o t  ca u se  an y  im p u r i t y  re a r ra n g e m e n t i n  th e  c r y s t a l s  and 
had d e te rm in e d  th e  v a c a n c y  d i f f u s i o n  t im e  i n  d e fo rm e d  c r y ­
s t a l s .  C o n s e q u e n t ly , t o  a t te m p t  t o  e s t a b l i s h  th e  a n t i c i ­
p a te d  c o r r e la t i o n  b e tw e e n  th e  d e fo rm e d  cadm ium  c r y s t a l s '  
cha ng es  i n  r e s id u a l  r e s i s t i v i t i e s  on a n n e a l in g  and th e  r e ­
s u l t i n g  changes i n  t h e i r  d i s lo c a t io n  d e n s i t i e s  as m easu red  
b y  th e  1 %  n i t a l  d i s l o c a t i o n  e tc h ,  th e  e x p e r im e n ta l p ro c e ­
d u re  a d o p te d  was d i r e c t e d  a t  f o l l o w in g  th e  m ethod  d e s c r ib ­
ed i n  S e c t io n  6 .3 *1 ®
R e s i s t i v i t y  m ea surem en ts  w ere made on th e  f o u r  c r y ­
s t a l s  SX7, SX11, SX20 and SX44? S e c t io n  5 .6 ,  w h ic h  had been  
d e fo rm e d  b y  th e  p ro c e d u re  o f  S e c t io n  5 .5 .  T h is  had a l lo w ­
ed each  c r y s t a l  t o  hang f r e e l y  f o r  48  h o u rs  a t  room  te m p e r­
a tu r e  t o  p e r m it  v a c a n c y  d i f f u s i o n  t o  be c o m p le te d  b e fo r e  
i t s  d i s lo c a t io n  d e n s i t y  was d e te rm in e d .  When i t s  d e fo rm e d  
d i s lo c a t io n  d e n s i t y  had been  fo u n d ,  a c r y s t a l  was im m e d ia ­
t e l y  p la c e d  i n  th e  sp e c im e n  c o i l  s y s te m  o f  th e  r e s i s t i v i t y  
a p p a ra tu s  and s u p p o r te d  th e r e  i n  a m anner w h ic h  made c e r ­
t a i n  t h a t  th e  gauge le n g th  w h ic h  had been  i d e n t i f i e d  on i t .
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S e c t io n  5 * 5 ,  la y  c e n t r a l l y  in s id e  th e  c o i l  s y s te m ’ s se co n ­
d a r y .  T h is  e n s u re d  t h a t  th e  e * n u f .  d e v e lo p e d  i n  th e  se co n ­
d a ry  c i r c u i t  o f  th e  H a r ts h o r n  b r id g e  was e s s e n t i a l l y  t h a t  
a t t r i b u t a b l e  t o  th e  c r y s t a l ' s  c o n d u c t i v i t y  i n  th e  gauge 
le n g th ®  The c r y s t a l  was th e n  subm erged i n  l i q u i d  h e liu m  
and a ru n  w h ic h  c o v e re d  20 f r e q u e n c ie s  o v e r  th e  ra n g e  3 +o 
73 c / s  and th e  f r e q u e n c ie s  1 0 0 , 1 2 0 , 1 6 0 , 2 0 0 , 280 and 400 
c / s  was c o m p le te d  as i n  S e c t io n  6 ® 5 .1 . The c r y s t a l  was 
th e n  a l lo w e d  to  r e t u r n  t o  room  te m p e ra tu re .
A t  t h i s  ju n c tu r e  th e  mean s e p a r a t io n  2A o f  th e  c r y s ta l 's
edge fa c e s  a lo n g  th e  gauge le n g th  had  t o  be fo u n d  and t h i s
was a c h ie v e d  b y  m a k in g  20 m easu rem en ts  w i t h  a t r a v e l l i n g
m ic ro sco p e ®  The n e c e s s i t y  o f  d e te r m in in g  t h i s  g e o m e tr ic
f a c t o r  b y  d i r e c t  m easurem en t was d i c t a t e d  b y  th e  n a tu r e  o f
th e  r e c ta n g u la r  p r is m  s o lu t i o n .  S e c t io n  A 2 .4 *  U n l ik e  th e
c i r c u l a r  c y l i n d e r  s o lu t i o n  t h i s  p ro d u c e d  n o t  a u n iq u e  c u rv e
f o r  p * and p " ,  b u t  a f a m i l y  o f  c u rv e s  i n  w h ic h  each member
was c h a r a c te r iz e d  b y  th e  r a t i o  o f  th e  s id e s  o f  th e  r e c t a n -
Bg u la r  c r o s s - s e c t io n  i . e *  b y  th e  p a ra m e te r  u = j ,  F ig s ,  A2®5 
and A2*6o The m e th od  o f  S e c t io n  6 ,3 * 1  r e q u i r e d  t h a t  f o r  
a g iv e n  v a lu e  o f  \jl 0 o r  |x " th e  d im e n s io n le s s  p a ra m e te r  z be 
know n , e q u a t io n  | l 2 ] ,  and as when th e  a s -g ro w n  s q u a re  s e c ­
t i o n  cadm ium  c r y s t a l s  w ere  d e fo rm e d  th e y  became r e c t a n g u la r  
i n  c r o s s - s e c t io n ,  S e c t io n  6 * 4 ,  f o r  a c r y s t a l  w h ic h  had  s u f ­
f e r e d  a g iv e n  d e fo r m a t io n  i t  was o n ly  p o s s ib le  t o  d e te rm in e  
th e  v a lu e  o f  z c o r re s p o n d in g  t o  a s p e c i f ie d  v a lu e  o f  p* o r
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p " i f  u  was know n . S in c e  f o r  a r e c ta n g u la r  s e c t io n  s p e c i­
men, e x t r a p o la t io n  o f  th e  M v e rs u s  J? p l o t  t o  z e ro  g iv e s  th e  
g e o m e tr ic  p a ra m e te r  n -^ n ^ A B  i*e ®  th e  p r o d u c t  AB o n ly ,  u  may 
n o t  he fo u n d  fro m  th e  e x p e r im e n ta l v a lu e s  o f  p and f  ob­
ta in e d *  Hence f o r  th e  p r e s e n t  d e fo rm e d  c r y s t a l s  th e  s e p a r ­
a t io n  o f  e i t h e r  th e  edge o r  sc re w  fa c e s  had  t o  be fo u n d  b y  
d i r e c t  m easurem en t*
A lth o u g h  th e  n e c e s s i t y  o f  m a k in g  such  a m easurem ent 
im m e d ia te ly  d e g ra d e s  th e  h ig h  o r d e r  o f  a c c u ra c y  w i t h  w h ich , 
i t  i s  p o s s ib le  t o  d e te rm in e  th e  c o n d u c t i v i t y  o f  a c y l i n d r i ­
c a l  s p e c im e n , t h i s  lo s s  was m in im iz e d  i n  th e  p r e s e n t  e x p e r i ­
m en ts  b y  d e te r m in in g  th e  mean s e p a r a t io n  o f  th e  c r y s t a l s '  
edge fa c e s ,  s in c e  th e s e  re m a in e d  p la n e  th ro u g h o u t  th e  d e f o r ­
m a t io n ,  and th e n  d e d u c in g  th e  mean s e p a r a t io n  o f  th e  i r r e ­
g u la r  s c re w  fa c e s  f ro m  th e  g e o m e tr ic  p a ra m e te r  n - j/b ^A B .
As th e  s e p a r a t io n  o f  th e  edge fa c e s  was i d e n t i f i e d  as 2A 
and t h a t  o f  th e  s c re w  fa c e s  as 2B i n  i n t e r p r e t i n g  th e  
r e s u l t s  o b ta in e d ,  th e  p *  and p "  v e rs u s  % c u rv e s  a p p l ic a b le  
t o  th e  d e fo rm e d  c r y s t a ls  w ere  members o f  th e  f a m i l y  u < 1 Q
When th e s e  m easu re m en ts  had been c o m p le te d  th e  c r y s t a l  
was hung I n s id e  th e  b ra s s  a n n e a l in g  tu b e  and g iv e n  th e  e s ta ­
b l is h e d  72 h o u r  is o th e r m a l  a n n e a l a t  180°G* The o x id e  
la y e r  t h i s  fo rm e d  on th e  c r y s t a l  was rem oved b y  a 3 0  sec 
p o l i s h  i n  2 0 %  n i t a l  and as t h i s  d e c re a s e d  b o th  th e  c r y ­
s t a l ' s  A and u v a lu e s ,  th e  re d u c e d  mean s e p a r a t io n  o f  th e  
c r y s t a l ' s  edge fa c e s  was fo u n d  b y  d i r e c t  m easurem ent as
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a b o v e .
The c r y s t a l  was th e n  r e lo c a te d  i n  th e  sp e c im e n  c o i l  
s ys te m  i n  th e  i d e n t i c a l  p o s i t i o n  i t  had o c c u p ie d  d u r in g  
th e  f i r s t  h e liu m  ru n  and a second  h e liu m  ru n  w h ic h  c o v e re d  
th e  same f r e q u e n c ie s  as th e  f i r s t  was c o m p le te d *  T he n , 
f i n a l l y ,  th e  c r y s t a l ' s  a n n e a le d  d i s lo c a t io n  d e n s i t y  was 
fo u n d  w i t h  th e  1 %  n i t a l  d i s lo c a t io n  e tc h *
6 .8  The R e s u lts  O b ta in e d
The v a lu e  o f  th e  g e o m e tr ic  p a ra m e te r  n-^n^q-AB o b ta in e d  
f ro m  each  h e liu m  ru n  b y  e x t r a p o la t io n  o f  th e  M v e rs u s  ^  
p l o t  was u se d  i n  e q u a t io n  [7 ]  t o  d e te rm in e  th e  v a lu e s  o f  
p $ and p " c o r re s p o n d in g  t o  th e  g ro u p  o f  20 f r e q u e n c ie s  i n  
th e  ra n g e  3 t o  73 c / s .  F o r  each  c r y s t a l  t h i s  e n a b le d  tw o  
p l o t s  each  o f  p * and p M v e rs u s  f re q u e n c y  t o  be m ade, one 
f o r  th e  d e fo rm e d  c r y s t a l  and th e  o th e r  f o r  th e  a n n e a le d .
The p lo t s  o b ta in e d  f o r  p fl v e rs u s  f  a re  shown d ia g ra m m a t i-  
c a l l y  i n  F ig .  6 . 4 ,  w here  th e  c u rv e s  o b ta in e d  f o r  th e  f o u r  
a n n e a le d  c r y s t a l s  a re  r e p re s e n te d  b y  a s in g le  c u r v e ,  s in c e  
th e y  l i e  v e r y  c lo s e  t o g e t h e r ,  a lo n g  w i t h  th e  c o r re s p o n d in g  
p f c u rv e s  f o r  th e  c r y s t a l  8X30 u se d  t o  d e te rm in e  th e  v a c a n c y  
d i f f u s i o n  t im e .  S e c t io n  6 .5 * 2 .  D e s p ite  th e  s m a ll re d u c ­
t i o n s  i n  A and u o c c a s io n e d  b y  th e  b r i e f  c h e m ic a l p o l i s h  
t o  w h ic h  each  c r y s t a l  was s u b je c te d  b e tw e e n  i t s  tw o  h e liu m  
r u n s ,  th e s e  c u rv e s  show t h a t  th e  r e s i s t i v i t y  o f  each  c r y ­
s t a l  was a c t u a l l y  in c re a s e d  b y  th e  a n n e a l in g  p ro c e d u re .
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T h is  r e s u l t ,  o f  m ore m arke d  m a g n itu d e  th a n  th e  s im i l a r  one 
n o te d  i n  S e c t io n  6 * 5 * 2 ,  was q u i t e  u n e x p e c te d  p a r t i c u l a r l y  
as i t  was known fro m  th e  e tc h  p i t  c o u n ts  made t h a t  th e  d i s ­
lo c a t io n  d e n s i t ie s  o f  th e  c r y s t a l s  had i n  f a c t  been  i n d i s ­
p u t a b ly  lo w e re d  b y  th e  a n n e a l in g  p ro c e d u re ,  T a b le  6 * 1 .
To t r a n s fo r m  ea ch  P* v e rs u s  f re q u e n c y  c u rv e  i n t o  a 
r e s i s t i v i t y  v e rs u s  f r e q u e n c y  c u rv e  th e  a p p r o p r ia te  v a lu e  o f  
u f o r  th e  c r y s t a l  c o n c e rn e d  was c a lc u la t e d  and i t  was fo u n d  
t h a t  w i t h in  th e  l i m i t s  o f  e r r o r  w i t h  w h ic h  v a lu e s  o f  u 
c o u ld  be d e te rm in e d  a g iv e n  c r y s t a l  c o u ld  be c o n s id e re d  t o  
have  th e  same u v a lu e  d u r in g  b o th  i t s  h e liu m  r u n s .  The 
f o u r  u v a lu e s  w h ic h  th u s  c h a r a c te r iz e d  th e  d e fo rm e d  and 
a n n e a le d  shapes o f  th e  c r y s t a l s  SX7, SX11, SX20 and SX44 
w ere  u se d  i n  a p ro g ra m  w h ic h  gave com puted  t h e o r e t i c a l  
v a lu e s  o f  p 1 f o r  v a lu e s  o f  z r a n g in g  fro m  0 to  4 0 ,  a ra n g e  
s u f f i c i e n t  t o  c o v e r  a l l  th e  e x p e r im e n ta l r e s u l t s  o b ta in e d ®  
From  th e s e  r e s u l t s  th e  f r e q u e n c y  a t  w h ic h  a p a r t i c u l a r  
v a lu e  o f  p 1 o c c u r re d  was d e te rm in e d  and fro m  th e  a p p r o p r i ­
a te  com puted  v a lu e s ,  th e  v a lu e  o f  z w h ic h  d e f in e d  t h i s  p a r ­
t i c u l a r  p 1 was fo u n d .  F i n a l l y ,  w i t h  A h a v in g  been d e t e r ­
m in e d  e x p e r im e n ta l ly ,  th e  v a lu e s  o f  A , z and f re q u e n c y  
fo u n d  w ere  s u b s t i t u t e d  i n  th e  r e l a t i o n  z « A t o  g iv e
a v a lu e  o f  r e s i s t i v i t y  c o r re s p o n d in g  t o  a p a r t i c u l a r  f r e ­
q u e n c y . R e p e a t in g  t h i s  p ro c e d u re  th u s  t r a n s fo rm e d  th e  
e ig h t  p* v e rs u s  f r e q u e n c y  c u rv e s  i n t o  r e s i s t i v i t y  v e rs u s  
f re q u e n c y  c u rv e s  each o f  w h ic h  e x h ib i t e d  n o t  t h a t  th e
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c r y s t a l s 1 r e s i s t i v i t i e s  w ere  in d e p e n d e n t o f  f re q u e n c y  b u t  
t h a t  th e y  in c re a s e d  w i t h  in c r e a s in g  f re q u e n c y  i . e .  d e c re a s ­
in g  s k in  d e p th .
The m ethod  d e s c r ib e d  i n  S e c t io n  6 ,3 * 1  d e f in e s  th e  
change i n  a s p e c im e n 's  r e s i s t i v i t y  on a n n e a l in g  as t h a t  
change w h ic h  can  be d e te c te d  a t  th e  same v a lu e  o f  M-® o r  \xn 
on th e  b e fo r e  and a f t e r  a n n e a lin g  jj. * and p u v e rs u s  f r e q u e n c y  
e x p e r im e n ta l c u r v e s .  U n d e r th e  e x p e r im e n ta l c o n d i t io n s  
w h ic h  t h i s  m e th dd  assumes can be a t t a in e d ,  c o n d i t io n s  w h ic h  
p e r m it  e x p e r im e n ta l r e a d in g s  t o  be ta k e n  a ro u n d  th e  maximum 
o f  th e  js n c u r v e ,  th e  a p p l ie d  m a g n e tic  f i e l d  a lw a y s  co m p le ­
t e l y  p e n e t r a te s  th e  sp e c im e n  and c o n s e q u e n t ly  a lw a y s  sam p le s  
i t s  b u lk  r e s i s t i v i t y .  H o w e ve r, u n d e r  th e  e x p e r im e n ta l 
c o n d i t io n s  w h ic h  e x is te d  d u r in g  th e  c o u rs e  o f  th e  p r e s e n t  
w o rk  f i e l d  p e n e t r a t io n  was o n ly  p a r t i a l ,  s in c e  th e  % v a lu e s  
e n c o u n te re d  la y  i n  th e  ra n g e  9 t o  4 0 , F ig s .  A 2 .8  and A 2 .9?  
a n d , i n  a d d i t i o n ,  i t  does seem l i k e l y  t h a t  a l l  th e  m ea su re ­
m en ts  w h ic h  have  been  made have  l a i n  i n  th e  anom a lous s k in  
e f f e c t  r e g io n ,  S e c t io n  6 .9 *  P a r t i a l  f i e l d  p e n e t r a t io n  
c o u p le d  w i t h  p o s s ib le  r e s i s t i v i t y  in h o m o g e n e ity  w o u ld  r e ­
s u l t  i n  th e  m ea su re d  r e s i s t i v i t y  b e in g  f r e q u e n c y  d e p e n d e n t 
and anom a lous s k in  e f f e c t  b e h a v io u r  w o u ld  a ls o  r e s u l t  i n  
th e  m easured  r e s i s t i v i t y  b e in g  f re q u e n c y  d e p e n d e n t, even  
g iv e n  r e s i s t i v i t y  h o m o g e n e ity . C o n s e q u e n tly ,  u n d e r  th e  
e x p e r im e n ta l c o n d i t io n s  e n c o u n te re d  d u r in g  th e  p r e s e n t  w o rk  
i t  i s  n o t  s a t i s f a c t o r y  t o  com pare th e  r e s i s t i v i t i e s  o f  th e
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f o u r  d e fo rm e d  and s u b s e q u e n t ly  a n n e a le d  c r y s t a l s  a t  th e  
same v a lu e  o f  p 1 s in c e  t h i s  i s  ta n ta m o u n t t o  c o m p a rin g  them  
a t  w id e ly  d i f f e r e n t  v a lu e s  o f  z and i t  i s  z w h ic h  e f f e c t i v e ­
l y  c o n t r o ls  th e  f i e l d  p e n e t r a t io n  i n t o  th e  c r y s t a l s ,  F igs®  
A 2 .8 ,  A2®9 anb A 2 . l l  t o  A2.14® Hence th e  r e s i s t i v i t i e s  
o f  th e  c r y s t a l s  m us t be com pared  a t  th e  same f i e l d  p e n e t r a ­
t i o n  and i n  th e  absence  o f  an e x p re s s io n  f o r  f i e l d  p e n e t r a ­
t i o n  s p e c i f i c  t o  th e  g e o m e try  o f  th e  p r e s e n t  c r y s t a l s ,  
c r y s t a l s ’ r e s i s t i v i t i e s  have  b e en  com pared  a t  th e  same v a lu e  
o f  6 ,  th e  s k in  d e p th  f o r  a p la n e  s u r fa c e ,  S e c t io n  6 .6 ,  
w here
The r e s i s t i v i t i e s  o f  th e  f o u r  d e fo rm e d  and s u b s e q u e n t ly  
a n n e a le d  c r y s t a l s  b o th  b e fo r e  and a f t e r  a n n e a l in g  a re  g iv e n  
i n  T a b le  6 *1  f o r  a s k in  d e p th  6 o f  0 .1 5  mm.
8 ° 9 C o n c lu s io n s  and O b s e rv a t io n s
T h a t th e  r e s id u a l  r e s i s t i v i t i e s  o f  th e  c r y s t a ls  p ro v e d  
t o  be so lo w  i s  s u r p r i s in g  f o r  th e y  a re  c o m p a ra b le  w i t h  th e  
r e s id u a l  r e s i s t i v i t i e s  a t  4 e 2 °K  o f  1 t o  5 * 1 0 ~ ^  ohm cm 
w h ic h  B a s in s k i  and S a im o to  (1 2 1 )  p ro d u c e d  i n  u n d e fo rm e d  
c o p p e r  s in g le  c r y s t a l s  s u b s e q u e n t ly  u se d  t o  d e te rm in e  th e  
d i s lo c a t io n  r e s i s t i v i t y  i n  copper®  These c r y s t a l s  th e y  
p re p a re d  f ro m  99® 999%  p u re  c o p p e r i n  a m anner w h ic h  e n s u re d  
t h a t  t h e i r  r e s id u a l  r e s i s t i v i t i e s  w ere p a r t i c u l a r l y  lo w ,
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one w h ic h  in c lu d e d  g ro w th  i n  c h l o r i n e - p u r i f i e d  g r a p h i t e  
s p l i t  m o u ld s  and th e  r e d u c t io n  o f  r e s id u a l  r e s i s t i v i t y  b y  
c o n t r o l l e d  o x id a t io n .  Thus i t  w o u ld  seem t h a t  th e  p re c a u ­
t i o n s  ta k e n  t o  m a in ta in  th e  p u r i t y  o f  th e  s u p p l ie d  9 9 *9 9 9 %  
p u re  cadm ium a t  a l l  s ta g e s  o f  th e  c r y s t a l  g ro w in g  p ro c e d u re  
a d o p te d  i n  S e c t io n  2®3®1 have p ro v e d  s u c c e s s fu l^ th o u g h  th e  
r e s u l t i n g  h ig h  p u r i t y  o f  th e  a s -g ro w n  c r y s t a l s  has  p ro v e d  t o  
be an e m b a rra ssm e n t i n  th e  p r e s e n t  r e s i s t i v i t y  work®
U n fo r t u n a t e ly  i t  has n o t  p ro v e d  p o s s ib le  t o  make a v a i l ­
a b le  th e  t h e o r y  o f  th e  anom a lous s k in  e f f e c t  a p p l ic a b le  t o  
th e  p r e s e n t  e x p e r im e n ta l  c o n d i t io n s  (1 2 0 )  and c o n s e q u e n t ly  
i t  c a n n o t be s a id  w i t h  c e r t a i n t y  t h a t  a l l  th e  m easurem en ts  
o f  r e s id u a l  r e s i s t i v i t y  w h ic h  have been  made on th e  cadm ium  
c r y s t a l s  have l a i n  i n  th e  anom a lous s k in  e f f e c t  r e g io n *  
th o u g h  t h i s  does seem l i k e l y .  H o w e ve r, i t  i s  c o n s id e re d  
t h a t  th e  m o d i f i c a t io n  w h ic h  an in c lu s io n  o f  anom a lous b e ­
h a v io u r  w o u ld  have  on th e  t h e o r e t i c a l  s o lu t io n  u s e d , and 
th u s  th e  v a lu e s  o f  r e s i s t i v i t y  o b ta in e d ,  c a n n o t on i t s  own 
be c a p a b le  o f  f u r n is h in g  a r a t i o n a l  e x p la n a t io n  o f  th e  u n ­
e x p e c te d  o b s e r v a t io n  t h a t  th e  r e s id u a l  r e s i s t i v i t i e s  o f  
d e fo rm e d  c r y s t a l s  a lw a y s  p ro v e d  t o  be lo w e r  b e fo r e  a n n e a l in g  
th a n  a f t e r .
When th e  e x p e r im e n ta l r e s u l t s  as r e p re s e n te d  b y  th e  
h '  c u rv e s  o f  F ig®  6 * 4  w e re  a l l i e d  w i t h  t h e i r  c o r re s p o n d in g  
com puted  | i 1 v e rs u s  z c u rv e s  i t  was fo u n d  t h a t  th e  f re q u e n c y
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ra n g e  o f  3 t o  73 c / s  o v e r  w h ic h  m easurem en ts  had been ob­
t a in e d  c o r re s p o n d e d  t o  a z ra n g e  o f  9 t o  4 0 . The w o rk  p r e ­
s e n te d  i n  A p p e n d ix  2 shows t h a t  i t  i s  t h i s  p a ra m e te r  z w h ic h  
c o n t r o ls  th e  f i e l d  and c u r r e n t  d i s t r i b u t i o n s  i n  a sp e c im e n  
i n  th e  r e s i s t i v i t y  c o i l  system.® The m anner i n  w h ic h  th e s e  
d i s t r i b u t i o n s  change w i t h  z i n  a sp e c im e n  o f  s q u a re  s e c t io n  
i s  c l e a r l y  i l l u s t r a t e d  b y  F igs®  A2®8, A 2 *9  and A 2 . l l  t o  A2®14 
and F ig®  A 2 .14?  p l o t t e d  f o r  z = 1 0 , in d ic a t e s  th e  ty p e  o f  
f i e l d  d i s t r i b u t i o n  w h ic h  m us t have e x is te d  i n  th e  p r e s e n t  
c r y s ta ls ®  I f  th e  s k in  d e p th  6 f o r  a p la n e  s u r fa c e  i s  u se d  
as a m easure  o f  th e  d e p th  t o  w h ic h  th e  p r e s e n t  m easurem en ts  
can  be c la im e d  t o  have d e te rm in e d  c r y s t a l  r e s i s t i v i t y ,  t h a t  
th e  maximum v a lu e  o f  6 e m p lo ye d  was a b o u t 0 .3  cmi? S e c t io n  
6 * 6 ,  in d ic a t e s  t h a t  any m od e l w h ic h  i s  p ro p o s e d  t o  e x p la in  
th e  o b s e rv e d  in c re a s e s  i n  d e fo rm e d  c r y s t a l s ’ r e s i s t i v i t i e s  
on a n n e a l in g  m ust c o n c e rn  i t s e l f  w i t h  m echan ism s whose 
o p e r a t io n  i t  i s  th o u g h t  may w e l l  e f f e c t  changes i n  c r y s t a ls *  
r e s i s t i v i t i e s  c lo s e  t o  th e  c r y s t a l s ’ s u r fa c e s .  Such a m o d e l 
w i l l  now be p roposed®
I n  S e c t io n  5 *8  i t  was c o n c lu d e d  t h a t  a f t e r  d e fo r m a t io n  
th e  p r e s e n t  cadm ium  c r y s t a l s  c o n ta in e d  v e r y  fe w  s c re w  d i s ­
lo c a t io n s  and a lm o s t e n t i r e l y  o n ly  edge d i s lo c a t io n s .
L e t  F ig®  6 *5  r e p r e s e n t  an e x te n d e d  c r y s t a l  a t  th e  moment 
d e fo r m a t io n  was s to p p e d ,  w here  a ,  3 and Y a re  th r e e  edge 
d i s lo c a t io n s  w i t h in  th e  c r y s t a l  and 6 r e p r e s e n ts  th e  s k in  
d e p th  t o  w h ic h  th e  s u b s e q u e n t m easurem en ts  o f  c r y s t a l  r e s i s t ­
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i v i t y  e f f e c t i v e l y  p e n e tra te d #  D u r in g  th e  f o l l o w in g  48 h o u rs  
when th e  c r y s t a l  was a l lo w e d  t o  hang f r e e l y  a t  room  te m p e r­
a tu r e  t o  p e r m it  v a c a n c y  d i f f u s i o n  t o  he c o m p le te d  th e  o c c u r ­
re n c e  o f  s e v e r a l m echan ism s c a p a b le  o f  e f f e c t i n g  a change 
i n  i t s  r e s i s t i v i t y  c lo s e  t o  i t s  s u r fa c e s  may be p o s tu la te d *
V a ca n cy  d i f f u s i o n  i t s e l f ,  w i t h  v a c a n c ie s  c r e a te d  b y  
th e  d e fo r m a t io n  c o n s id e re d  t o  be d i s t r i b u t e d  h o m o g e n e o u s ly  
th ro u g h o u t  th e  c r y s t a l ,  m u s t have ta k e n  p la c e  th ro u g h  v a c a n ­
c ie s  m ig r a t in g  n o t  o n ly  t o  im p u r i t y  s i t e s  and th e  c r y s t a l ' s  
f r e e  s u r fa c e s  b u t  a ls o  t o  d i s lo c a t io n s .  T h is  l a s t  p ro c e s s  
m u s t have r e s u l t e d  i n  d i s lo c a t io n s  l i k e  a  and (3 c l im b in g  t o  
new p o s i t i o n s ,  s u c h  as a* and (31 , and may have cau se d  d i s ­
lo c a t io n s  l i k e  Y t o  le a v e  th e  c r y s t a l  e n t i r e l y .  The n e t  
e f f e c t  o f  t h i s  d i s l o c a t i o n  c l im b  may th u s  w e l l  have been  t o  
re d u c e  th e  c r y s t a l ' s  d i s l o c a t i o n  d e n s i t y  and hence  r e s i s t ­
i v i t y  i n  th e  r e g io n  6 * D u r in g  th e  v a c a n c y  d i f f u s i o n  p e r io d  
th e  o p e r a t io n  o f  im age fo r c e s  may a ls o  w e l l  have been r e s ­
p o n s ib le  f o r  r e d u c in g  th e  c r y s t a l ' s  d i s lo c a t io n  c o n te n t  and 
th u s  r e s i s t i v i t y  i n  th e  r e g io n  6 o As f o r  cadm ium T ^ / T ^ p  
= 0 * 4 9 ,  a l lo w in g  th e  c r y s t a l  to  hang a t  room  te m p e ra tu re  
f o r  48  h o u rs  may be lo o k e d  upon  as e f f e c t i v e l y  s u b je c t in g  
i t  t o  an a n n e a lo  T h is  to o  m u s t have ca u se d  d i s lo c a t io n  
c l im b  and th u s  may have  enhanced  th e  r e d u c t io n  i n  th e  c r y s ^  
t a l ' s  r e s i s t i v i t y  i n  th e  r e g io n  6® On th e  o th e r  hand t h i s  
p ro lo n g e d  e x p o s u re  t o  a i r  m u s t have r e s u l t e d  i n  th e  f o r m a t io n  
o f  an o x id e  f i l m  on th e  c r y s t a l ' s  s u r fa c e s .  T h is  f i l m  may
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have i n h i b i t e d  th e  lo s s  o f  d i s lo c a t io n s  fro m  th e  f o i l  b y  
g l i d e ,  w h e th e r  t h i s  a t te n d e d  th e  a n n e a l o r  was cau sed  b y  
r e c o v e r y ,  and may i n  d o in g  so have been r e s p o n s ib le  f o r  
c a u s in g  p i le - u p s  i n  th e  r e g io n  6 ,  F ig .  6 . 6 .  A ls o  i t  may 
be p o s tu la t e d  t h a t  t h i s  o x id e  f i l m  may have been  d i r e c t l y  
r e s p o n s ib le  f o r  i n j e c t i n g  d i s lo c a t io n s  i n t o  th e  r e g io n  6 ,  
s in c e  t h e r e  i s  much e v id e n c e  t o  in d ic a t e  t h a t  th e  o x id e  
f i l m  on cadm ium  i s  c a p a b le  o f  p ro m o t in g  d i s lo c a t io n  i n j e c t ­
io n  t o  a m arked  d e g re e , (4 8 )  and S e c t io n  1*3*1®
Thus th e  s e v e r a l  m echan ism s w h ic h  p r o b a b ly  o p e ra te d  
i n  th e  r e g io n  6 d u r in g  th e  v a c a n c y  d i f f u s i o n  p e r io d  o f  48 
h o u rs  may be d iv id e d  i n t o  tw o  g ro u p s *  The f i r s t  o f  th e s e ,  
e m b ra c in g  th e  m echan ism s w h ic h  c o u ld  have been  r e s p o n s ib le  
f o r  d e c re a s in g  th e  d i s l o c a t i o n  d e n s i t y  i n  th e  r e g io n  6 ,  
w o u ld  have cau sed  th e  m ea su re d  r e s i s t i v i t y  t o  d e c re a s e  w i t h  
t im e ,  th e  se co n d  g ro u p ,  c o m p r is in g  th e  m echan ism s w h ic h  c o u ld  
have  been  r e s p o n s ib le  f o r  in c r e a s in g  th e  d i s lo c a t io n  d e n s i t y  
i n  th e  r e g io n  6 ,  w o u ld  have cau se d  th e  m easured  r e s i s t i v i t y  
t o  in c re a s e  w i t h  tim e®  C le a r ly  th e  n e t  e f f e c t  o f  th e s e  
tw o  g ro u p s  on th e  m easu red  r e s i s t i v i t y  w i l l  depend on w h ic h  
happens t o  p re d o m in a te  i n  th e  e n v iro n m e n t i n  w h ic h  th e  c r y s ­
t a l  i s  p la ce d ®  Hence i t  may be p ro p o s e d  t h a t  d u r in g  th e  
48  h o u r  v a c a n c y  d i f f u s i o n  p e r io d  th e  seco nd  g ro u p  was th e  
d o m in a n t th u s  c a u s in g  th e  o b s e rv e d  in c re a s e  w i t h  t im e  o f  
th e  m easured  r e s i s t i v i t y  o f  c r y s t a l  SX30 and r e s u l t i n g  i n
2 2 3
th e  m easured  r e s i s t i v i t i e s  o f  c r y s t a ls  SX7, SX11, 8X20 and 
SX44 i n  f a c t  b e in g  g r e a te r  th a n  th e y  w o u ld  have been  i f  no 
t im e  had been a l lo w e d  f o r  v a c a n c y  d i f f u s i o n  t o  be com p le ted®
In  a d d i t i o n ,  a l th o u g h  i t  i s  known t h a t  s u b s e q u e n t ly  a n n e a lin g  
c r y s t a ls  a t  1 8 0 °0  f o r  72 h o u rs  r e s u l t e d  i n  t h e i r  b u lk  d i s ­
lo c a t io n  d e n s i t ie s  b e in g  d e c re a s e d , T a b le  6 ,1 ,  i t  may a ls o  
be p ro p o s e d  t h a t  r a i s i n g  th e  te m p e ra tu re  enhances th e  d o m i­
n a nce  o f  th e  se co n d  g ro u p  th u s  c a u s in g  th e  t r a p p in g  o r  i n ­
j e c t i n g  o f  m ore d i s lo c a t io n s  i n  th e  r e g io n  6 a t  th e  h ig h e r  
te m p e ra tu re  th a n  a t  room  te m p e ra tu re .  T h is  w o u ld  e x p la in  
n o t  o n ly  th e  o b s e r v a t io n  t h a t  d e fo rm e d  c r y s t a l s ’ r e s i s t i v i t i e s  
w ere  h ig h e r  a f t e r  a n n e a l in g  th a n  b e fo r e  b u t  t h a t  th e  m a g n i­
tu d e s  o f  th e  r e s i s t i v i t y  in c re a s e s  a f t e r  a n n e a l in g  a t  1 8 0 °0  
w ere  g r e a te r  th a n  th o s e  o b s e rv e d  a f t e r  v a c a n c y  d i f f u s i o n  
had  ta k e n  p la c e  a t  room  te m p e ra tu re ®
I f  t h i s  p ro p o s e d  m ode l t o  e x p la in  th e  u n e x p e c te d  changes 
i n  r e s i s t i v i t y  o b s e rv e d  d u r in g  th e  p r e s e n t  w o rk  i s  v a l i d ,  
b o th  b e fo r e  and a f t e r  a n n e a l in g  th e r e  s h o u ld  have e x is te d  
i n  each  c r y s t a l  r e g io n s  l i k e  6 i n  w h ic h  th e  d i s lo c a t io n  
d e n s i t y  s h o u ld  have been  d e m o n s tra b ly  h ig h e r  th a n  th e  c o r ­
re s p o n d in g  mean d i s l o c a t i o n  d e n s i t y  d e te rm in e d  fro m  th e  
e tc h  p i t  c o u n ts  w h ic h  w ere made® U n fo r t u n a te ly  d u r in g  th e  
p r e s e n t  w o rk  no p r e c a u t io n s  w ere ta k e n  t o  p re s e rv e  th e  s h a rp  
edges on a s -g ro w n  c r y s t a l s  and c o n s e q u e n t ly  th e  ro u n d in g  o f f  
o f  th e s e  edges w h ic h  s u c c e s s iv e  p o l i s h in g s  and e tc h in g s  p r o ­
d u ced  made r e g io n s  l i k e  6 in a c c e s s ib le  t o  th e  1 %  n i t a l
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d i s lo c a t io n  e tc h *  N e v e r th e le s s ,  i f  r e g io n s  o f  in c re a s e d  
d i s lo c a t io n  d e n s i t y  l i k e  6 d id  e x i s t  i n  th e  p r e s e n t  c r y s t a l s  
th e y  s h o u ld  have p ro d u c e d  g ra d e d  r e s i s t i v i t i e s  w h ic h  w ere  
h ig h e r  a t  th e  s u r fa c e s  th a n  i n  th e  c e n t r e s  o f  c r y s ta ls ®
I n  th e  e x p e r im e n ta l r e s u l t s  th e  p re s e n c e  o f  su ch  g ra d e d  
r e s i s t i v i t i e s  w o u ld  have  m a n ife s te d  th e m s e lv e s  i n  th e  meas­
u re d  r e s i s t i v i t y  o f  a g iv e n  c r y s t a l  b e in g  f re q u e n c y  d e p e n d e n t
i .e ®  in c r e a s in g  w i t h  in c r e a s in g  f re q u e n c y  and th u s  d e c re a s in g  
s k in  d e p th #  A lth o u g h  j u s t  t h i s  ty p e  o f  dependence  has b e en  
fo u n d  t o  e x i s t  f o r  a l l  d e fo rm e d  and s u b s e q u e n t ly  a n n e a le d  
c r y s t a ls ?  b o th  i n  t h e i r  d e fo rm e d  and t h e i r  a n n e a le d  s t a t e s ,  
S e c t io n  6®8, u n t i l  some e s t im a te  can be made o f  th e  e f f e c t  
anom a lous s k in  e f f e c t  b e h a v io u r  w i l l  have on th e  m easured  
r e s i s t i v i t i e s  i t  c a n n o t be c la im e d  t h a t  su ch  an o b s e r v a t io n  
v a l id a t e s  th e  p ro p o s e d  m odel#
I t  i s  e v id e n t  t h a t  i n  a t te m p t in g  t o  c o r r e la t e  th e  cha ng es  
i n  d e fo rm e d  c r y s t a l s 1 r e s i s t i v i t i e s  ca u se d  b y  a n n e a l in g  w i t h  
t h e i r  a t te n d a n t  cha nges  i n  d i s lo c a t io n  d e n s i t i e s ,  th e  p r e s e n t  
i n v e s t i g a t i o n  has n o t  su cce e d e d  f o r  tw o  p r i n c i p a l  reasons®  
F i r s t l y ,  i t  has t r a n s p i r e d  t h a t  i n  th o s e  r e g io n s  o f  c r y s t a l s  
a c c e s s ib le  t o  th e  r e s i s t i v i t y  m easurem en ts  th e  a n n e a l in g  
p ro c e d u re  a d o p te d  a f t e r  th e  w o rk  o f  S e c t io n  6 .5  as b e in g  
s u i t a b le  has i n  f a c t  p ro v e d  t o  be u n s a t i s f a c t o r y ,  i n  so f a r  
as i t  has a c t u a l l y  been  r e s p o n s ib le  f o r  in c r e a s in g  th e  r e ­
s i s t i v i t i e s  o f  d e fo rm e d  c r y s t a l s  c lo s e  t o  t h e i r  s u r fa c e s *
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C o n s e q u e n tly  i t  i s  a d v is e d  t h a t  i f  a f u t u r e  i n v e s t i g a t i o n  
o f  t h i s  n a tu r e  i s  t o  he a t te m p te d  a much m ore s t r in g e n t  
a sse ssm e n t o f  th e  e f f e c t s  o f  th e  a n n e a lin g  p ro c e d u re  w h ic h  
i t  i s  p ro p o s e d  t o  a d o p t be made th a n  i s  o f f e r e d  i n  th e  p r e ­
s e n t  w o rk *  S e c o n d ly ,  and m ore fu n d a m e n ta l ly ,  th e  u n e x p e c t­
e d ly  lo w  r e s id u a l  r e s i s t i v i t i e s  w h ic h  th e  p r e s e n t  c r y s t a l s
“ 10p o s s e s s e d , a b o u t 2 *1 0  ohm cm, have n o t  o n ly  made i t  im p o s ­
s ib le  w i t h  th e  e x i s t i n g  a p p a ra tu s  t o  sam p le  m ore th a n  th e  
s u r fa c e  la y e r s  o f  c r y s t a l s  b u t  have a ls o  r e q u i r e d  t h a t  i f  
th e  r e s u l t s  w h ic h  have  been  o b ta in e d  a re  t o  be f u l l y  e v a lu ­
a te d ,  re c o u rs e  m u s t be made t o  th e  t h e o r y  o f  th e  anom a lous 
s k in  e f f e c t  a p p l ic a b le  t o  th e  p r e s e n t  c o n d i t io n s ,  w h ic h  i s  
as y e t  n o t  a v a i la b le ®  T h a t th e  b u lk  r e s i s t i v i t i e s  o f  c r y s ­
t a l s  c o u ld  n o t  be m ea su re d  i s  u n s a t i s f a c t o r y  and t h a t  a l l  
th e  m easu rem en ts  made s e e m in g ly  have l a i n  i n  th e  anom a lous 
s k in  e f f e c t  r e g io n  makes th e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  
o b ta in e d  u n d e s i r a b ly  c o m p lic a te d ^  W ith  an a*Co te c h n iq u e  
th e  o n ly  way o f  o v e rc o m in g  b o th  th e s e  d ra w b a cks  l i e s  w i t h  
lo w e r in g  th e  f r e q u e n c y  o f  th e  a p p l ie d  m a g n e t ic  f i e l d  and 
th e  e x te n t  t o  w h ic h  th e  a p p l ie d  f i e l d  f r e q u e n c y  w o u ld  have 
t o  be lo w e re d  i n  th e  p r e s e n t  case  may be e s t im a te d  f ro m  
Cham bers and P a r k 's  d is c u s s io n  o f  th e  m u tu a l in d u c ta n c e  
m e th od  when u s e d  w i t h  a c y l i n d r i c a l  sp e c im e n  (1 1 3 )*
Chambers and P a rk  a d v is e  t h a t  i t  i s  d e s i r a b le  n o t  t o  
w o rk  a t  f r e q u e n c ie s  much g r e a t e r  th a n  th e  f r e q u e n c y  c o r r e s ­
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p o n d in g  t o  th e  p e a k  i n  th e  pw c u rv e  " s in c e  a t  such  f r e q u e n c ie s  
th e  f i e l d  p e n e t r a t io n  i s  s m a l l  and th e  r e s u l t  i s  d e te rm in e d  
o n ly  b y  th e  r e s i s i s t i v i t y  o f  th e  s u r fa c e  la y e r s  o f  th e  s p e c ­
im e n , r a t h e r  th a n  b y  th e  b u lk  r e s i s t i v i t y ,  and may be a f f e c ­
te d  b y  s u r fa c e  ro u g h n e s s "®  I f  th e  f i e l d  p r o f i l e s  i n  F igs®  
A2®8 and A2®9 a re  com pared  w i t h  th o s e  i n  F ig ,  A 2 .1 0  i t  can  
be seen t h a t  th e  same r e s t r i c t i o n  cam be ta k e n  t o  a p p ly  t o  
th e  p r e s e n t  r e c t a n g u la r  s e c t io n  c r y s t a l s .  As f o r  th e s e  th e  
v a lu e s  o f  z a t  th e  p e a ks  o f  th e  p "  c u rv e s  l i e  b e tw e e n  2 *3  
and 3*3? T a b le  A 2 « l and S e c t io n  A 2 ® 4 ,6 , i t  i s  t h e r e f o r e  
c o n s id e re d  d e s i r a b le  n o t  t o  make r e s i s t i v i t y  m easu rem en ts  
on them  a t  f r e q u e n c ie s  above 0 * 5  c / s .  H o w e ve r, i f  R e u te r  
and S o n d h e im e r! s c r i t e r i o n  ^ /6  ^ lO ^ 1 i s  a p p l ie d  t o  e n s u re  
t h a t  anom a lous s k in  e f f e c t  b e h a v io u r  does n o t  in t r u d e  i n t o  
th e  m e a su re m e n ts , S e c t io n  6 * 6 ,  i t  f o l lo w s  t h a t  r e s i s t i v i t y  
m easurem en ts  s h o u ld  n o t  be made on th e  p r e s e n t  c r y s t a l s  a t  
f r e q u e n c ie s  above 0 ,0 2  c / s ,  F i n a l l y ,  i f  s iz e  e f f e c t  e r r o r s  
w h ic h  w i l l  a r i s e  when th e  e le c t r o n ic  mean f r e e  p a th  £ becom es
c o m p a ra b le  w i t h  th e  c r y s t a l  h a l f - t h ic k n e s s  A a re  a ls o  t o
—1be a v o id e d ,  &/k 10 , w h ic h  f o r  th e  p r e s e n t  c r y s t a l s
g iv e s  A > 5 M o
From  th e s e  o b s e r v a t io n s  i t  m us t be c o n c lu d e d  t h a t  th e  
m u tu a l in d u c ta n c e  m ethod  i s  n o t  r e a l l y  a s u i t a b le  one f o r  
d e te r m in in g  th e  lo w  r e s i s t i v i t i e s  o f  th e  p re s e n t  c r y s t a l s  
s in c e  i t  c o u ld  n o t  u s e f u l l y  be u se d  a t  th e  lo w  f r e q u e n c ie s
o f  a b o u t lO ” ^ c / s  w h ic h  th e s e  w o u ld  r e q u i r e  be e m p lo yed * 
H o w e ve r, th e  c r y s t a l s '  r e s i s t i v i t i e s  c o u ld  be s u c c e s s f u l ly  
m easu red  i f  an a l t e r n a t i v e  a . c .  te c h n iq u e ,  th e  f l u x  d e c a y  
m e th o d , in t r o d u c e d  b y  Bean e t  al® (1 2 2 ) w ere  u s e d . T h is  
m e thod  p la c e s  th e  spe c im e n  whose r e s i s t i v i t y  i s  t o  be d e ­
te rm in e d  i n  a c o i l  s y s te m  s im i l a r  t o  t h a t  u se d  i n  th e  m u tu a l 
in d u c ta n c e  m e th od  and p a s s e s  a c u r r e n t  th ro u g h  th e  p r im a r y  
c o i l  f o r  a t im e  s u f f i c i e n t  f o r  e s s e n t i a l l y  c o m p le te  f l u x  
p e n e t r a t io n  o f  th e  specim en© When t h i s  c u r r e n t  i s  th e n  
in t e r r u p t e d ,  th e  d e c a y in g  v o l ta g e  w h ic h  i s  p ro d u c e d  a c ro s s  
th e  s e c o n d a ry  c o i l  b y  th e  em ergence o f  f l u x  fro m  th e  s p e c ­
im e n  i s  re c o rd e d *  The m anner i n  w h ic h  t h i s  v o l ta g e  d e ca ys  
depends b o th  on th e  c o n d u c t i v i t y  and th e  g e o m e try  o f  th e  
sp e c im e n  and may be r e la t e d  t o  th e s e  p a ra m e te rs  th ro u g h  th e  
a p p r o p r ia te  t h e o r e t i c a l  s o lu t io n ©  S in c e  t h i s  i s  g iv e n  f o r  
sp e c im e n s  o f  c i r c u l a r  and r e c t a n g u la r  c r o s s - s e c t io n  th e  
in f o r m a t io n  n e c e s s a ry  t o  i n t e r p r e t  th e  r e s u l t s  o b ta in a b le  
f ro m  m easurem en ts  made on th e  p r e s e n t  c r y s t a l s  b y  t h i s  m e th od  
i s  a v a i la b le ®  F o r  th e s e  i t  can  be a n t ic ip a t e d  t h a t  th e  
s e c o n d a ry  c o i l  v o l ta g e  w o u ld  d e ca y  o v e r  a p e r io d  o f  a b o u t 
1 m in , a t im e  w h ic h  makes i t  a c c e s s ib le  t o  b e in g  m easured  
r e p e a te d ly  and w i t h  g r e a t  a c c u ra c y  b y  a d i g i t a l  v o l tm e te r *  
Cham bers and P a rk  (1 1 3 )  p o in t  o u t  t h a t  m easurem en ts  made 
b y  t h i s  m ethod  o v e r  s u c h  a d e ca y  t im e  a re  e q u iv a le n t  t o  
m a k in g  m ea surem en ts  b y  th e  m u tu a l in d u c ta n c e  m e thod  a t  f r e ­
q u e n c ie s  o f  a b o u t 10~5 c / s ,  so i t  i s  a p p a re n t t h a t  p r o v id in g
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p r e c a u t io n s  a re  ta k e n  t o  a v o id  s iz e  e f f e c t  e r r o r s  th e  r e s i s t ­
i v i t i e s  o f  th e  p r e s e n t  c r y s t a l s  c o u ld  be d e te rm in e d  w i t h  
a c c u ra c y  and m ore s u i t a b l y  b y  th e  f l u x  d e ca y  m ethod*
Though th e  m u tu a l in d u c ta n c e  m ethod  has n o t  p ro v e d  a 
s u i t a b le  one f o r  m e a s u r in g  th e  r e s i s t i v i t i e s  o f  th e  p r e s e n t  
c r y s t a ls ?  th e  t h e o r e t i c a l  s o lu t io n  a p p r o p r ia te  t o  th e  geo­
m e try  o f  r e c t a n g u la r  s e c t io n  c r y s t a ls  p la c e d  i n  th e  m u tu a l 
in d u c ta n c e  c o i l  system ? A p p e n d ix  2? does now make i t  p o s s ib le  
t o  d e te rm in e  th e  r e s i s t i v i t i e s  o f  such c r y s t a l s  b y  t h i s  
m ethod? p r o v id in g  th e s e  a re  n o t  to o  low# The a v a i l a b i l i t y  
o f  such  a s o lu t i o n  a ls o  r a is e s  th e  p o s s i b i l i t y  o f  m a k in g  
s im u lta n e o u s  e s t im a te s  o f  th e  r e s i s t i v i t i e s  o f  m e t a l l i c  
f o i l s  b y  th e  m u tu a l in d u c ta n c e  m ethod  and a d . c .  te c h n iq u e ®  
The c o r r e la t i o n  o f  s u c h  e s t im a te s  s h o u ld  make i t  p o s s ib le  
t o  c o m p le te  a c o m p re h e n s iv e  e v a lu a t io n  o f  th e  m u tu a l in d u c ­
ta n c e  m e thod  as a te c h n iq u e  f o r  d e te r m in in g  r e s i s t i v i t y  and 
r e v e a l  i t s  l i m i t a t i o n s  e x p e r im e n ta l ly *  When such  an e v a lu ­
a t io n  has been  c o m p le te d  i t  s h o u ld  th e n  be p o s s ib le  t o  use  
th e  m u tu a l in d u c ta n c e  m e thod  w i t h  c o n f id e n c e  t o  c o r r e la t e  
th e  changes ca u se d  i n  c r y s t a l s 1 r e s i s t i v i t i e s  b y  d e fo r m a t io n  
w i t h  th e  a t te n d a n t  changes  i n  t h e i r  d i s lo c a t io n  d e n s i t ie s  
as r e v e a le d  b y  an in d e p e n d e n t te c h n iq u e  and hence a r r i v e  a t  
e s t im a te s  o f  th e  r e s i s t i v i t y  p e r  u n i t  d i s lo c a t io n *  I n  
p a r t i c u l a r  s u c h  an e v a lu a t io n  w o u ld  e n a b le  a c o r r e la t i o n  
t o  be made b e tw e e n  th e  in c r e a s e  i n  r e s i s t i v i t y  and t h a t  i n
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d i s lo c a t i o n  d e n s i t y  as r e v e a le d  b y  th e  e tc h  p i t  te c h n iq u e  
i n  a r e c t a n g u la r  s e c t io n  c r y s t a l  b e n t  t o  a known c u r v a tu r e ,  
a p o s s i b i l i t y  a f f o r d e d  b y  th e  a v a i l a b i l i t y  o f  th e  t h e o r e t i c a l  
s o lu t io n  p re s e n te d  i n  S e c t io n  A2®5®
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F ig ,  6 .1  The H a r ts h o rn  b r id g e  u se d  i n  th e  a . c ,  a p p a ra tu s ,  
(The tw o  c o i l  s ys te m s  l i e  b e tw e e n  th e  d o t te d  l i n e s . )
(  8  c m .............................................. )
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F ig .  6 .2  One o f  th e  r e s i s t i v i t y  c o i l  sys te m s  d is m a n t le d .
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Fig®  6 ,3  D ia g ra m  t o  i l l u s t r a t e  th e  m ethod  o f  d e te r m in in g  
th e  s p e c i f i c  r e s i s t i v i t y  o f  d is lo c a t io n s  i n  a c y l i n d r i c a l  
sp e c im e n .
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Fig®  6 .4  A d ia g ra m m a tic  r e p r e s e n ta t io n  o f  th e  r e s u l t s
o b ta in e d  f ro m  th e  r e s i s t i v i t y  m easurem en ts  made on 
d e fo rm e d  and s u b s e q u e n t ly  a n n e a le d  cadm ium  c r y s ta ls ®
( S u b s c r ip ts  b , a  d e n o te  v a lu e s  b e fo r e  and a f t e r  a n n e a l® )
70 80 
f  ( o / s )
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CRYSTAL SX7 SX11 SX20 SX44
V a lu e  o f  u 0 *9 3 7 0 .8 5 8 0 .7 9 5 0 .6 4 8
U n de fo rm ed  D is lo c a t io n  
D e n s i ty  ( c u r 2 )
7 .2
( x lo 5 )
7 .2
( x l0 5 ) ( x io 5 )
3 .8
( x H P )
D e fo rm ed  D is lo c a t io n  
D e n s i ty  N& (cm ~2 )
4 .5
( x lO 6 )
7 .8
( x lO 6 )
1 *2
( x l0 7 )
2 .2
( x l0 7 )
A n n e a le d  D is lo c a t io n  
D e n s i ty  lTa (cm ~2)
8 .2 .
( x id 5 )
1 .3
( x l 0 6 )
1 .2
( x lO ^ )
1 *2
( x lO 8 )
Nd~Na
(c m "d ) ( x lO 6 )
6 . +  
( x lO 6 )
1 .1
(x lO ? )
2 *1
( x l0 7 )
D e fo rm ed  R e s i s t i v i t y  pd 
a t  6 = 0 *1 5  mm
(x lO ^ lO  ohm cm)
2 .4 6 2 «19 2 » 2 2 1 *8 0
Annee,led R e s i s t i v i t y  
a t  6 = 0 *1 5  mm ln  a 
(xlO~* ohm cm)
2 .6 9 2 .4 8 2 .2 5 t or 1. 00
Pa pd /  10 -i \ ( x lO  ohm cm)
0 .2 3 0 *2 9 0 .C 3 0 *0 6
T a b le  6 .1  Some p a ra m e te rs  f o r  th e  f o u r  c r y s t a l s  whose
d e fo rm e d  and a n n e a le d  r e s id u a l  r e s i s t i v i t i e s  a t  4 .2 ° K  w ere  
d e te rm in e d  b y  th e  m u tu a l in d u c ta n c e  m e th o d .
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CHAPTER 7
SUMMARY AND SUGGESTIONS FOR FUTURE WORK
The a im  o f  t h i s  t h e s is  had been t o  p r o v id e  in fo r m a t io n  
on th e  in c re a s e  o f  d i s lo c a t io n  d e n s i t y  w i t h  s t r a i n  f o r  
s in g le  c r y s t a l s  o f  cadm ium  d e fo rm e d  i n  te n s io n  and th u s ?  
f o r  th e  f i r s t  t im e ,  t o  p r e s e n t  such  kn o w le d g e  f o r  a h e xa g ­
o n a l m e ta l®  B ecause s in g le  c r y s t a ls  o f  cadm ium a re  so s o f t  
and? when d e fo rm e d , e x h ib i t  such  r a p id  r e c o v e r y  a t  room  
te m p e r a tu r e ? i t  had been c o n s id e re d  e s s e n t ia l  to  d e te rm in e  
th e  d i s lo c a t io n  d e n s i t ie s  i n  d e fo rm e d  c r y s t a l s  b y  a t  le a s t  
tw o  m e thods  t o  e n s u re  th e  v a l i d i t y  o f  th e  c o n c lu s io n s  
re a c h e d  d u r in g  e x p e r im e n ta l w o rk *  Thus i t  had been p r o ­
p o se d  ?' S e c t io n  1*5? t h a t  d i s lo c a t io n  d e n s i t ie s  w o u ld  be 
d e te rm in e d  b y  th r e e  a v a i la b le  m ethods? n a m e ly  a d i s lo c a t io n  
e tc h  p i t  te c h n iq u e ?  t r a n s m is s io n  e le c t r o n  m ic ro s c o p y  and an 
e l e c t r i c a l  r e s i s t i v i t y  te c h n iq u e ?  and t h a t  th e  r e s u l t s  
o b ta in e d  fro m  th e s e  w o u ld  be c o r r e la t e d .  T e c h n ic a l 
d i f f i c u l t i e s  w h ic h  w ere  e n c o u n te re d  d u r in g  th e  p u rs u a n c e  
o f  th e  e le c t r o n  m ic ro s c o p y  and r e s i s t i v i t y  w o rk  p re v e n te d  
th e  f u l l  r e a l i z a t i o n  o f  b o th  th e s e  te c h n iq u e s  and th u s  th e  
p ro p o s e d  c o r r e la t i o n s  w ere  n o t  a c h ie v e d .  However? th e  
p ro b le m s  w h ic h  w ere  p o se d  b y  th e  use o f  a l l  th r e e  m ethods 
g e n e ra te d  s e v e r a l  s e p a ra te  in v e s t ig a t io n s  w h ich ?  th o u g h  n o t  
o r i g i n a l l y  e n v is a g e d  as l y i n g  w i t h in  th e  compass o f  t h i s  
th e s is ?  have been p u rs u e d  and have y ie ld e d  n o v e l r e s u l t s .
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The d i f f i c u l t y  w h ic h  had  been e x p e r ie n c e d  i n  m a k in g  
th e  1 %  n i t a l  d i s lo c a t io n  e tc h  r e p e a te d ly  p ro d u c e  w e l l -  
d e f in e d  e tc h  p i t s  r e s id in g  i n  a sm o o th , u n e tc h e d  b a c k g ro u n d  
on s q u a re  s e c t io n  c r y s t a l s  g row n t o  expose  th e  ( lO lO )  p la n e  
had  been a t t r i b u t e d  t o  one o r  a c o m b in a t io n  o f  tw o  f a c t o r s ,  
S e c t io n  l* 5 e l®  The f i r s t  o f  th e s e ,  th e  p ro p o s e d  c r y s t a l  
e f f e c t ,  t h a t  th e  c r y s t a l  s u r fa c e  grow n t o  expose th e  ( lO lO )  
p la n e  was som e tim es m is o r ie n te d  fro m  t h i s  p la n e  b y  m ore 
th a n  a c r i t i c a l  maximum, was s u c c e s s f u l ly  i s o la t e d  b y  th e  
d e v e lo p m e n t o f  a m e th od  o f  g ro w in g  c r y s t a ls  v e r t i c a l l y ,  
C h a p te r  2« T h is  m ethod  e n a b le d  c r y s t a ls  w i t h  expose d  
p la n e  s u r fa c e s  m is o r ie n te d  fro m  th e  (1 0 X 0 ) p la n e  b y  le s s  
th a n  1 °  t o  be r e p e a te d ly  g row n  fro m  a s in g le  seed® The 
seco nd  o f  th e s e  f a c t o r s ,  th e  p ro p o s e d  s o lu t io n  e f f e c t ,  t h a t  
u n d e te c te d  c o n ta m in a n ts  w ere  som etim es p re s e n t  i n  th e  d i s ­
lo c a t io n  e tc h  and t h a t  th e s e  m o d if ie d  th e  e tc h in g  r e a c t io n ,  
le d  t o  th e  c h e m ic a l e x a m in a t io n  o f  b o th  th e  1 %  n i t a l  d i s ­
lo c a t io n  e tc h  and th e  2 0 %  n i t a l  c h e m ic a l p o l i s h  p re s e n te d  
i n  C h a p te r  3* When t h i s  e x a m in a t io n  f a i l e d  to  r e v e a l  i n  
1 %  n i t a l  s o lu t io n s  any c o n ta m in a n ts  t o  w h ic h  th e  u n r e l i a ­
b i l i t y  o f  d i s lo c a t io n  e tc h in g  c o u ld  be a t t r i b u t e d ,  th e  
p ro p o s e d  c r y s t a l  e f f e c t  was s y s t e m a t ic a l l y  in v e s t ig a t e d  b y  
e tc h in g  a s -g ro w n  c r y s t a l s  whose edge fa c e s  w ere m is o r ie n te d  
f ro m  th e  (1 0 X 0 ) p la n e  b y  known a m o u n ts , S e c t io n  3®9* T h is
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s u c c e s s f u l l y  d e m o n s tra te d  t h a t  u n r e l ia b le  e tc h in g  c o u ld  be 
a s c r ib e d  w h o l ly  t o  th e  p ro p o s e d  c r y s t a l  e f f e c t  and t h a t  
i t  i s  o n ly  p o s s ib le  t o  a c h ie v e  s a t i s f a c t o r y  d i s lo c a t io n  
e tc h in g  on th e  ( lO lO )  p la n e  o f  cadm ium w i t h  1 %  n i t a l  i f  a 
c r y s t a l  s u r fa c e  w h ic h  e xp ose s  t h i s  p la n e  t o  w i t h in  ± 1 ° 
i s  u s e d . T h is  w o rk  has now e s ta b l is h e d  th e  c o n d i t io n  
n e c e s s a ry  f o r  s a t i s f a c t o r y  d i s lo c a t io n  e tc h in g  i n  t h i s  
sy s te m  and made i t  p o s s ib le  t o  use th e  1 %  n i t a l  d i s lo c a ­
t i o n  e tc h  w i t h  c o n f id e n c e  as an e x p e r im e n ta l t o o l  t o  d e te c t  
edge d i s lo c a t io n s  i n  th e  p r e s e n t  cadm ium  c r y s t a l s  when 
th e s e  w ere  u se d  i n  s u b s e q u e n t in v e s t ig a t io n s .
The v a r i e t y  o f  th e  m e th od s  o f  c h e m ic a l e x a m in a t io n  
w h ic h  w ere  a v a i la b le  t o  in v e s t ig a t e  th e  n i t a l  p o l i s h in g  
and e tc h in g  s o lu t io n s  e n a b le d  th e  co m m is s io n  o f  C h a p te r  3 
t o  be e x te n d e d  b e yo n d  a s e a rc h  f o r  c o n ta m in a n ts  i n  1 %  
n i t a l  t o  a c o m p re h e n s iv e  c h e m ic a l e x a m in a t io n  o f  b o th  n i t a l  
s o lu t io n s *  As a r e s u l t  o f  t h i s  i t  has be en  p o s s ib le  t o  
p ro p o s e  th e  c o m p o s it io n s  o f  b o th  2 0 %  and 1 %  n i t a l ,  n o t  
o n ly  when th e y  a re  f r e s h  b u t  a ls o  when th e y  have a g e d , 
S e c t io n s  3® 5 .3  and 3 * 6 ,  and th e s e  p ro p o s e d  c o m p o s it io n s  
have  e n a b le d  th e  o b s e rv e d  p r o p e r t ie s  o f  b o th  n i t a l  s o lu ­
t i o n s  t o  be e x p la in e d ,  S e c t io n  3 *7 •  A d d i t io n a l  w o rk  w i t h  
th e  cadm ium  -  n i t a l  sys te m s  has shown t h a t  1 %  n i t a l  p r o ­
d u ce s  h e x a g o n a l e t c h in g  f ig u r e s  on th e  b a s a l p la n e  and t h a t  
2 0 %  n i t a l  can  be u se d  a t  room  te m p e ra tu re  as an e l e c t r o ­
p o l i s h  f o r  b u lk  c r y s t a l s ,  S e c t io n  3 * 1 0 , and a t  -5 0 °C  to~70°C
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as th e  f i n a l  e l e c t r o p o l i s h  f o r  f o i l s  b e in g  p re p a re d  f o r  
e le c t r o n  m ic ro s c o p y ?  A p p e n d ix  3* The c h e m ic a l e x a m in a t io n  
o f  1 %  n i t a l  r e p r e s e n ts  th e  f i r s t  r e p o r te d  c h e m ic a l 
e x a m in a t io n  o f  a d i s l o c a t i o n  e tc h  and le d  t o  an a t te m p t  t o  
e lu c id a te  th e  fu n d a m e n ta l m echan ism  o f  d i s l o c a t i o n  e tc h in g  
i n  th e  p r e s e n t  c r y s t a l  -  1 %  n i t a l  s y s te m  b y  m a k in g  s y s ­
te m a t ic  and w e l l - in f o r m e d  changes i n  th e  c o m p o s it io n  o f  
t h i s  s o lu t io n  and s tu d y in g  th e  e f f e c t s  th e s e  changes had 
on th e  a b i l i t y  o f  1 %  n i t a l - l i k e  s o lu t io n s  t o  a c t  as a 
d i s lo c a t io n  e tc h ?  S e c t io n  3 ® H * A lth o u g h  i t  was fo u n d  
t h a t  a p p a r e n t ly  s e v e r a l  s o lu t io n s  a re  c a p a b le  o f  e tc h in g  
edge d i s lo c a t io n s  i n  cadm ium  t h i s  a t te m p t  was u n s u c c e s s fu l?  
f o r  n e i t h e r  th e  m echan ism  b y  w h ic h  cadm ium  i s  d is s o lv e d  
d u r in g  e tc h in g  n o r  th e  s te p  p o is o n  w h ic h  th e  e s ta b l is h e d  
t h e o r ie s  o f  d i s l o c a t i o n  e t c h in g  r e q u i r e  be e i t h e r  p r e s e n t  
i n  th e  d i s l o c a t i o n  e tc h  o r  p ro d u c e d  d u r in g  e tc h in g  c o u ld  
be i d e n t i f i e d .  However? i t  i s  c o n s id e re d  t h a t  th e  w o rk  
w h ic h  i s  p re s e n te d  on t h i s  t o p ic  fo rm s  a fo u n d a t io n  on 
w h ic h  i t  s h o u ld  be p o s s ib le  t o  b u i l d  a s u c c e s s fu l  a t te m p t  
t o  e lu c id a te  th e  fu n d a m e n ta l m echan ism  o f  d i s lo c a t io n  
e tc h in g  i n  th e  p r e s e n t  s y s te m .
The w o rk  w h ic h  e s ta b l is h e d  th e  r e l i a b i l i t y  o f  th e  1 %  
n i t a l  d i s lo c a t io n  e tc h ?  S e c t io n  3®9, e n a b le d  t h i s  s o lu t io n  
t o  be u se d  t o  d e te rm in e  th e  in c re a s e  o f  th e  edge d i s lo c a ­
t i o n  d e n s i t y  w i t h  s t r a i n  i n  th e  p r e s e n t  c r y s t a l s  when th e s e  
w ere  d e fo rm e d  i n  t e n s io n  b y  s in g le  s l i p  on th e  (0 0 0 1 )
[ l 2 l o ]  s y s te m . C h a p te r  5* To p ro m o te  d e fo r m a t io n  on t h i s  
s ys te m  o n ly ,  th e  te n d e n c y  o f  th e  c r y s t a l s  t o  d e fo rm  b y  
t e n s i l e  k in k in g  had  t o  be s u p p re s s e d  and t o  make th e  d i s ­
lo c a t io n  d e n s i t i e s  d e te rm in e d  on u n lo a d e d  c r y s t a l s  m e a n in g ­
f u l ,  th e  r a p id  r e c o v e r y  com m only e x h ib i t e d  b y  d e fo rm e d  
cadm ium  a t  room  te m p e ra tu re  had t o  be re d u c e d  t o  an a c c e p ­
t a b le  l e v e l *  B o th  th e s e  o b je c ts  have been  a c h ie v e d  b y  
g i v in g  c a r e f u l  c o n s id e r a t io n  t o  th e  m anner i n  w h ic h  th e  
c r y s t a l s  w ere m ou n te d  and deform ed®  The r e s u l t s  o b ta in e d  
show t h a t  i n  cadm ium  c r y s t a l s  d e fo rm e d  on t h i s  s l i p  s y s te m  
th e  edge d i s lo c a t i o n  d e n s i t y  in c re a s e s  l i n e a r l y  w i t h  s h e a r  
s t r a i n . T h is  r e s u l t  has been  com pared w i t h  th e  c o r re s p o n ­
d in g  r e s u l t s  i n  th e  tw o  r e p o r te d  in v e s t ig a t io n s  o f  th e  
in c r e a s e  o f  d i s l o c a t i o n  d e n s i t y  w i t h  s t r a i n  f o r  s in g le  
c r y s t a l s  o f  a h e x a g o n a l m e ta l d e fo rm e d  i n  t e n s io n ,  n a m e ly  
t h a t  due t o  K r a t o c h v i l  and H om ola (3 5 )  on cadm ium  and t h a t  
due t o  H ir s c h  and L a l l y  (3 6 )  on magnesium® S in c e  K r a to c h -  
v £ 1 and H o m o la 1s r e s u l t  i s  a t  v a r ia n c e  w i t h  t h a t  r e p o r te d  
h e re ,  S e c t io n  5 * 8 ,  and as th e  c r y s t a ls  th e s e  w o rk e rs  d e ­
fo rm e d  w ere  v e r y  s im i l a r  t o  th o s e  u se d  i n  t h i s  t h e s is ,  
a d v a n ta g e  has been  ta k e n  o f  th e  o p p o r t u n i t y  t h i s  p re s e n te d  
o f  c o m p a rin g  th e  p e r fo rm a n c e  o f  t h e i r  e tc h  on ( lO lO )  c r y s t a l  
s u r fa c e s  w i t h  t h a t  o f  1 /6  n i t a l®  The r e s u l t s  o f  th e  i n ­
v e s t ig a t io n  t h i s  g e n e ra te d  a re  p re s e n te d  i n  A p p e n d ix  1 and 
show b o th  t h a t  K r a t o c h v f l  and H o m o la 's  e tc h  i s  n o t  an edge 
d i s lo c a t io n  e tc h  f o r  cadm ium  and t h a t  th e  r e s u l t s  th e y
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o b ta in e d  can  be i n t e r p r e t e d  i n  te rm s  o f  ’ s u r fa c e  e t c h in g ’ . 
C o n s e q u e n tly  i t  i s  c la im e d  t h a t  t h i s  t h e s is  em bod ies  th e  
f i r s t  r e l i a b l e  s tu d y  o f  d is lo c a t io n s  i n  d e fo rm e d  s in g le  
c r y s t a l s  o f  cadm ium . The r e s u l t  r e p o r te d  h e re  i s ,  h o w e v e r, 
i n  g e n e ra l a g re e m e n t w i t h  t h a t  r e p o r te d  b y  H ir s c h  and L a l l y  
and as f a r  as th e  d i f f e r i n g  c o n d i t io n s  o f  d e fo r m a t io n  a l lo w ,  
H ir s c h  and L a l l y 1s r e s u l t s  have  been  co m p a re d , S e c t io n  5 * 8 ,  
w i t h  th o s e  p re s e n te d  i n  C h a p te r  5 .
i t  has n o t  been  p o s s ib le  t o  a c h ie v e  an o r i g i n a l  a im  o f  
t h i s  t h e s is ,  n a m e ly  th e  a n t ic ip a t e d  c o r r e la t i o n  betxveen 
d e fo rm e d  c r y s t a l s ’ d i s l o c a t i o n  d e n s i t ie s  as d e te rm in e d  b y  
th e  e tc h  p i t  m e thod  and b y  t h i n  f o i l  t r a n s m is s io n  e le c t r o n  
m ic ro s c o p y Q T h is  has been  due t o  th e  t e c h n ic a l  d i f f i c u l ­
t i e s  w h ic h  w ere  e n c o u n te re d  d u r in g  th e  p u rs u a n c e  o f  th e  
e le c t r o n  m ic ro s c o p y ,  i n  p a r t i c u l a r  th e  need  to  e s t a b l i s h  
a c r y s t a l  s e c t io n in g  and t h in n in g  p ro c e d u re  w h ic h  e n s u re d  
t h a t  t h i n  f o i l s  e xa m in ed  i n  th e  e le c t r o n  m ic ro s c o p e  co n ­
t a in e d  no r e s id u a l  d i s l o c a t i o n  damage a s c r ib a b le  t o  t h i s  
p ro ce d u re ®  T h is  re q u ir e m e n t  g e n e ra te d  th e  i n v e s t ig a t io n  
o f  C h a p te r  4- i n t o  th e  damage in je c t e d  i n t o  cadm ium  s in g le  
c r y s t a l s  b y  s p a rk  e r o s io n  m a c h in in g  i n  w h ic h  d i s lo c a t io n  
damage has  b e en  r e v e a le d  b y  th e  e tc h  p i t  te c h n iq u e .  The 
r e s u l t s  o f  t h i s  s tu d y  have n o t  o n ly  p r o v id e d  a c o m p re h e n s iv e  
e v a lu a t io n  o f  th e  p e r fo rm a n c e  o f  th e  S e rvo m e t SMD s p a rk  
e r o s io n  m a ch in e  u s e d  as a m e th od  f o r  c u t t i n g  th e  p r e s e n t  
cadm ium  c r y s t a l s  b u t  have  a ls o  e s ta b l is h e d  th e  c o n d i t io n s
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u n d e r  w h ic h  i t  i s  p o s s ib le  t o  use  t h i s  m ach in e  t o  p ro d u c e  
cadm ium  c r y s t a l  s e c t io n s  fro m  w h ic h  t h i n  f o i l s  f r e e  f ro m  
s e c t io n in g  damage can be p re p a re d  f o r  t r a n s m is s io n  e le c t r o n  
m ic ro s c o p y ?  S e c t io n  4«6® Beyond p r o v id in g  t h i s  in f o r m a t io n  
s p e c i f i c  t o  cadm ium  th e  r e s u l t s  o f  C h a p te r  4  b o th  c o n f i r m  
th e  g e n e r a l ly  a c c e p te d  c o n c lu s io n  t h a t  th e  d e p th  o f  damage 
in je c t e d  b y  s p a rk  e r o s io n  m a c h in in g  may be re d u c e d  b y  d e ­
c r e a s in g  th e  s p a rk  e n e rg y  em p lo yed  and in d ic a t e  t h a t  b o th  
th e  n a tu r e  and d e p th  o f  t h i s  damage may a ls o  be re d u c e d  b y  
d e c re a s in g  th e  d ia m e te r  o f  th e  c u t t i n g  w ir e  used? a n o v e l 
r e s u l t  h i t h e r t o  u n r e p o r te d .
T h a t th e  i n v e s t i g a t i o n  o f  C h a p te r  4  made i t  p o s s ib le  t o  
e s t a b l i s h  a s a t i s f a c t o r y  c r y s t a l  s e c t io n in g  te c h n iq u e  has en­
a b le d  a t h in n in g  p ro c e d u re  t o  be d e v e lo p e d  w h ic h  p ro d u c e s  t h i n  
f o i l s  f o r  t r a n s m is s io n  e le c t r o n  m ic ro s c o p y  fro m  c r y s t  a l  s e c ­
t i o n s  1 mm t h ic k ?  A p p e n d ix  3* I t  i s  c o n f id e n t l y  e x p e c te d  
t h a t  t h i n  f o i l s  p re p a re d  b y  th e  p ro c e d u re  o f  S e c t io n  A 3 *3  ar© 
f r e e  f ro m  any r e s id u a l  d i s lo c a t io n  damage a t t r i b u t a b l e  t o  t h i s  
p ro c e d u re  and th o u g h  i n s u f f i c i e n t  f o i l s  have been  p re p a re d  
fro m  u n d e fo rm e d  c r y s t a l s  t o  e n a b le  i t  t o  be c la im e d  a s s e r t i v e ­
l y  t h a t  i n  f a c t  t h i s  i s  th e  c a s e , on th e  p r e s e n t  e v id e n c e  i t  
does a p p e a r l i k e ly ®  C o n s e q u e n tly  i t  seems t h a t  th e  te c h n iq u e s  
w h ic h  have been d e v e lo p e d  i n  C h a p te r  4  and A p p e n d ix  3 have 
b ro u g h t  a t r a n s m is s io n  e le c t r o n  m ic ro s c o p y  s tu d y  o f  d e fo rm e d  
cadm ium  c r y s t a l s  w i t h i n  th e  bounds  o f  p o s s i b i l i t y ?  th o u g h  la c k  
o f  t im e  has p re v e n te d  such  a s tu d y  b e in g  a t te m p te d .
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I t  has a ls o  n o t  been p o s s ib le  t o  a c h ie v e  a second  
o r i g i n a l  a im  o f  t h i s  t h e s is ,  n a m e ly  th e  a n t ic ip a t e d  c o r r e ­
l a t i o n  b e tw e e n  th e  r e s id u a l  r e s i s t i v i t y  changes o c c a s io n e d  
i n  d e fo rm e d  c r y s t a l s  b y  a n n e a lin g  and t h e i r  a t te n d a n t  
changes i n  d i s lo c a t io n  d e n s i t i e s  as d e te rm in e d  b y  th e  e tc h  
p i t  m e th o d . T h is  has been due t o  th e  t e c h n ic a l  d i f f i c u l ­
t i e s  w h ic h  w ere  e n c o u n te re d  d u r in g  th e  p u rs u a n c e  o f  th e  
r e s id u a l  r e s i s t i v i t y  m e a su re m en ts . O f n e c e s s i t y  th e s e  
have  been  made b y  an a . c .  te c h n iq u e ,  C h a p te r  6 ,  and b e fo r e  
r e s i s t i v i t i e s  c o u ld  be c a lc u la t e d  fro m  th e  e x p e r im e n ta l 
r e s u l t s  o b ta in e d ,  re c o u rs e  had t o  be made to  a t h e o r e t i c a l  
s o lu t io n  a p p r o p r ia te  t o  th e  g e o m e try  o f  r e c ta n g u la r  s e c t io n  
c r y s t a l s  p la c e d  i n  th e  r e s i s t i v i t y  a p p a ra tu s .  Though t h i s  
s o lu t io n  has been fo u n d ,  A p p e n d ix  2 , th e  r e s id u a l  r e s i s t i v ­
i t i e s  o f  c r y s t a ls  a t  4 .2 ° K  have  p ro v e d  t o  be so lo w  t h a t  i t  
seems l i k e l y  t h a t  a l l  th e  m easurem en ts  w h ic h  have been 
made have l a i n  i n  th e  anom a lous s k in  e f f e c t  r e g io n .  A l ­
th o u g h  i t  has n o t  been  p o s s ib le  to  e s t a b l i s h  t h i s  w i t h  c e r ­
t a i n t y  n o r  t o  d e te rm in e  t o  w h a t e x te n t  anom a lous b e h a v io u r  
w o u ld  m o d ify  th e  s o lu t io n  u se d  and th u s  th e  v a lu e s  o f  r e ­
s i s t i v i t y  o b ta in e d ,  t h a t  th e  r e s id u a l  r e s i s t i v i t i e s  o f  
d e fo rm e d  c r y s t a ls  have  a lw a y s  been fo u n d  t o  be lo w e r  b e fo r e  
a n n e a lin g  th a n  a f t e r  c a n n o t be a s c r ib e d  s o le l y  t o  th e  anom­
a lo u s  s k in  e f f e c t  and a q u a l i t a t i v e  e x p la n a t io n  o f  t h i s  
p u z z l in g  o b s e r v a t io n  has been o f f e r e d .
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1 . A f u r t h e r  s tu d y  o f  th e  e f f e c t s  o f  in t r o d u c in g  s p e c i f i c  
a d d i t i v e s  t o  th e  l° /6  n i t a l  d i s lo c a t io n  e tc h  t o  e n a b le  th e  
fu n d a m e n ta l m echan ism  b y  w h ic h  t h i s  s o lu t i o n  p ro d u c e s  e tc h  
p i t s  on th e  ( lO lO )  p la n e  o f  cadm ium  to  be e lu c id a te d .
2 . An i n v e s t i g a t i o n  d i r e c t e d  a t  e x a m in in g  th e  e tc h in g  
f ig u r e s  w h ic h  1 %  n i t a l  may p ro d u c e  on o th e r  c r y  s t e n o g r a ­
p h ic  p la n e s  i n  cadm ium  and? i n  p a r t i c u la r ?  one w h ic h  w i l l  
r e v e a l  i f  th e  e tc h in g  f ig u r e s  w h ic h  i t  has been fo u n d  t h i s  
s o lu t io n  fo rm s  on th e  b a s a l p la n e  a re  d i s l o c a t i o n  e tc h  p i t s .
3* The d e v e lo p m e n t o f  a s p e c ia l iz e d  c o n t in u o u s  c u t t i n g  
s p a rk  e r o s io n  m a ch in e  d e s ig n e d  a lo n g  th e  l i n e s  s u g g e s te d  
i n  S e c t io n  4® 10? one w h ic h  w o u ld  be c o n s t r u c te d  s p e c i f i c a l l y  
f o r  use  w i t h  a t h i n  w ir e  o r  t h i n  f o i l  c u t t i n g  e le c t r o d e  
and f o r  p ro d u c in g  c r y s t a l  s e c t io n s  i n  w h ic h  th e  i n t r i n s i c  
r e s id u a l  damage due t o  th e  m a c h in in g  p ro c e s s  was m in im a l.
4 .  An in v e s t i g a t i o n  d i r e c t e d  a t  e s t a b l i s h in g  th e  v a l i d i t y  
o f  th e  c o n c lu s io n s  re a c h e d  i n  th e  p re s e n t  d e fo rm a t io n  w o rk  
b y  p r o v id in g  a g r e a t e r  b o d y  o f  e x p e r im e n ta l r e s u l t s  o v e r  
th e  p r e s e n t  1 .1  s h e a r  s t r a i n  th a n  i s  c o n ta in e d  i n  t h i s  
t h e s is .  T h is  s h o u ld  e m p lo y  and c o r r e la t e  th e  r e s u l t s  f ro m  
a l° /6  n i t a l  e tc h  p i t  s tu d y ?  th e  t r a n s m is s io n  e le c t r o n  m i­
c ro s c o p y  s tu d y  w h ic h  was n o t  a c h ie v e d  d u r in g  th e  p r e s e n t  
w o rk  b u t  w h ic h  now seems t o  have  been b ro u g h t  w i t h in  
th e  bounds o f  p o s s i b i l i t y  and a s l i p  l i n e  s tu d y  s im i l a r  t o
7 . 2  S u g g e s t i o n s  f o r  F u t u r e  W o r k
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t h a t  w h ic h  H ir s c h  and L a l l y  have c a r r ie d  o u t  on magnesium®
5* An i n v e s t i g a t i o n  a t  th e  p r e s e n t  s t r a i n  r a t e  h u t  o v e r  
s h e a r  s t r a in s  g r e a t e r  th a n  1 *1  t o  d e te rm in e  th e  m anner i n  
w h ic h  th e  d i s l o c a t i o n  d e n s i t y  c o n t in u e s  t o  in c r e a s e  and t o  
exam ine  d i s l o c a t i o n  a rra n g e m e n ts  i n  th e  re m a in d e r  o f  s ta g e  
A and i n  s ta g e  B* T h is  c o u ld  em p lo y  and c o r r e la t e  th e  
r e s u l t s  f ro m  a l° /6  n i t a l  e tc h  p i t  s tu d y ,  w h ic h  th e  l i n e  
h is to g ra m s  p re s e n te d  i n  C h a p te r  5 i n d ic a t e  c o u ld  i n i t i a l l y  
he c o n t in u e d  to  he p u rs u e d  u s in g  an o p t i c a l  m ic ro s c o p e  b e ­
f o r e  re c o u rs e  had t o  be made t o  r e p l i c a t i n g  p i t s ,  a t r a n s ­
m is s io n  e le c t r o n  m ic ro s c o p y  and s l i p  l i n e  s tu d y .
6 .  An i n v e s t i g a t i o n  a im ed  a t  e s t a b l i s h in g  d i r e c t l y  a one 
t o  one c o rre s p o n d e n c e  b e tw e e n  th e  1 %  n i t a l  e tc h  p i t s  and 
th e  d i s lo c a t io n s  w h ic h  i t  i s  c o n s id e re d  g iv e  r i s e  t o  them  
b y  u s in g  th e  Lang X - r a y  te c h n iq u e  t o  r e v e a l  th e s e  d i s lo c a ­
t i o n s  w i t h in  th e  b u lk  o f  an e tc h e d  f o i l .
7® I n v e s t ig a t io n s  d i r e c t e d  a lo n g  th e  l i n e s  o f  th o s e  su g ­
g e s te d  i n  4 ,  5 and 6 above s h o u ld  be c a p a b le  o f  f u r n is h in g  
s u f f i c i e n t  e v id e n c e  t o  e s t a b l i s h  th e  v a l i d i t y  o f  th e  1 %  
n i t a l  e tc h  p i t  te c h n iq u e .  T h is  c o u ld  th e n  be u se d  i n  a 
v a r i e t y  o f  d e fo r m a t io n  e x p e r im e n ts  i n  w h ic h  th e  d i s lo c a t io n  
d e n s i t y  re m a in s  s u f f i c i e n t l y  lo w  f o r  e tc h  p i t s  t o  be u s e d . 
Some o f  th e s e  a re  s u g g e s te d  b e lo w t
( i )  D is lo c a t io n  m ovem ent and m u l t i p l i c a t i o n  i n  th e  
v e r y  e a r l y  s ta g e s  o f  y i e l d ,  d u r in g  th e  e l a s t i c
« *  2 4 - 5  “
a f t e r - e f f e c t  and d u r in g  c re e p .
( i i )  The speed  a t  w h ic h  d i s lo c a t io n s  move d u r in g  
d e fo r m a t io n .
( i i i )  A c o m p a r is o n  b e tw e e n  th e  n a tu r e  o f  th e  d is lo c a ­
t i o n  n e tw o rk  on th e  s u r fa c e  and i n  th e  b u lk  o f  
a d e fo rm e d  c r y s t a l .
( i v )  The b e h a v io u r  o f  d i s lo c a t io n s  a t  th e  s u r fa c e  
o f  a c r y s t a l  w h ic h  has been s u b je c te d  t o  r e ­
v e rs e d  s t r e s s in g  o r  f a t ig u e d .
( v )  A d i r e c t  m easurem ent o f  th e  r a t e  o f  c l im b  o f  
d i s lo c a t io n s  d u r in g  r e c o v e r y .
( v i )  The b e h a v io u r  o f  d is lo c a t io n s  d u r in g  r e c r y s t a l ­
l i z a t i o n  •
8 .  B e s id e s  th e  t r a n s m is s io n  e le c t r o n  m ic ro s c o p y  s tu d ie s  
s u g g e s te d  i n  4- and 5 above such  a s tu d y  a im ed  a t  d e te rm in ­
in g  th e  n a tu re  and a rra n g e m e n t o f  th e  d i s lo c a t io n s  i n  t e n ­
s i l e  k in k s  w o u ld  be o f  c o n s id e r a b le  i n t e r e s t .
9* T a k in g  i n t o  a c c o u n t th e  r e s t r i c t i o n s  im p ose d  on e x p e r i  
m e n ta l c o n d i t io n s  b y  th e  a.c®  m u tu a l in d u c ta n c e  te c h n iq u e .  
S e c t io n  6®9? any  i n v e s t i g a t i o n  d i r e c t e d  a t  e s t a b l i s h in g  
th e  soundness o f  t h i s  te c h n iq u e  as a m ethod  f o r  d e te r m in in g  
d i s lo c a t io n  r e s i s t i v i t y  and h e n c e , u l t i m a t e l y ,  d i s lo c a t io n  
d e n s i t y .  I n  a d d i t i o n ,  any in v e s t ig a t io n  a im ed  a t  e v a lu a ­
t i n g  th e  a*Co f l u x  d e c a y  te c h n iq u e  as a m ethod  f o r  d e te rm in  
in g  th e  same tw o p a ra m e te rs .
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APPENDIX 1
THE INVESTIGATION OP THE KH ETCH
I t  was p o in te d  o u t  i n  S e c t io n  1 * 5 .1  t h a t  th e  o n ly  
o th e r  r e p o r te d  i n v e s t i g a t i o n  o f  th e  in c re a s e  o f  d i s l o c a t i o n  
d e n s i t y  w i t h  s t r a i n  f o r  s in g le  c r y s t a ls  o f  cadm ium  d e fo rm ­
ed i n  t e n s io n  i s  due t o  K r a to c h v x l  and H om ola ( 3 3 ) ,  who 
r e v e a le d  d i s lo c a t io n s  w i t h  an e tc h  w h ic h  th e y  c la im  i s  a 
d i s l o c a t i o n  e tc h  n o t  o n ly  f o r  p r im a r y  s c re w  d is lo c a t io n s  
b u t  f o r  p r im a r y  edge d i s lo c a t io n s  i n t e r s e c t i n g  th e  (1 0 1 0 ) 
p la n e .  I n  p a r t i c u l a r  K r a to c h v x l  and H om ola r e p o r t  th e  
d e fo r m a t io n  o f  a c r y s t a l  w h ic h  was s im i l a r  t o  th o s e  u se d  i n  
t h i s  t h e s is  and i n  w h ic h  th e y  fo u n d  t h a t  th e  edge d i s lo c a ­
t i o n  d e n s i t y  re m a in e d  s e n s ib ly  c o n s ta n t  w i t h  in c r e a s in g  
s t r a i n .  I t  was f u r t h e r  p o in te d  o u t  i n  S e c t io n  5 .8  t h a t  
t h i s  r e s u l t  i s  q u i t e  a t  v a r ia n c e  w i t h  t h a t  r e p o r te d  i n  t h i s  
t h e s is ,  w h ic h  u se d  th e  e s ta b l is h e d  1 %  n i t a l  d i s lo c a t io n  
e tc h .  C o n s e q u e n tly  i t  was c o n c lu d e d  t h a t  th e  K r a to c h v x l  
and H om ola e t c h ,  th e  KH e t c h ,  d id  n o t  p ro d u c e  e tc h  p i t s  a t  
edge d i s lo c a t io n s  b u t  a t  some o th e r  c r y s t a l  f e a t u r e .  The 
w o rk  p re s e n te d  i n  t h i s  a p p e n d ix  shows t h a t  th e  KH e tc h  i s  
n o t  i n  f a c t  an edge d i s lo c a t io n  e tc h  f o r  cadm ium  and o f f e r s  
an e x p la n a t io n  o f  th e  r e s u l t s  K r a to c h v x l  and H om ola o b t a in ­
e d .
A l «1 E tc h in g  th e  Edge F a c e s o f  C r y s ta ls
An a s -g ro w n  c r y s t a l  whose edge fa c e s  w ere  m is o r ie n te d
f ro m  th e  ( lO lO )  p la n e  b y  a maximum o f  ~ ^ 2 ° ,  S e c t io n  2 .4 ,  
was s e le c te d  t o  in v e s t ig a t e  th e  e t c h in g  f ig u r e s  w h ic h  th e  
KH e tc h  p ro d u c e d  on th e  (1 0 X 0 ) p la n e *  T h is  c r y s t a l  was 
p o l is h e d  i n  2 0 %  n i t a l  f o r  5 m in  t o  p ro d u c e  s p e c u la r  ( lO lO )  
fa c e s  and th e n  v e r y  t h o r o u g h ly  washed i n  a lc o h o l  and d r ie d .  
I t  was th e n  e tc h e d  f o r  1 m in  i n  h y d r o c h lo r ic  a c id ,  r in s e d  
i n  ru n n in g  w a te r  and f i n a l l y  im m ersed  i n  th e  KH e tc h ,  a 
s o lu t io n  o f  160 gm G rO ^, 20 gm Na2 S0 ^  and 500 gm d i s t i l l e d  
w a te r ,  f o r  5 m in . T h is  i s  th e  p ro c e d u re  a d o p te d  b y  K r a -  
t o c h v i l  and H om ola (33 )®  The c r y s t a l  was e tc h e d  i n  a 
p e t r i e  d is h  w i t h  a ( lO lO )  fa c e  u p p e rm o s t and h o r i z o n t a l  i n  
25 m l o f  th e  e tc h in g  s o lu t i o n  w h ic h  c o v e re d  t h i s  fa c e  t o  a 
d e p th  o f  5 mm, No a g i t a t i o n  was u s e d . A f t e r  e t c h in g ,  
th e  c r y s t a l  was th o r o u g h ly  washed i n  r u n n in g  w a te r ,  d r ie d  
and i t s  ( lO lO )  fa c e  was exa m in ed  i n  an o p t i c a l  m ic ro s c o p e  
a t  a m a g n i f i c a t io n  o f  xlOOO*
The e t c h in g  f ig u r e s  th e  KH e tc h  p ro d u c e d  on t h i s  fa c e  
a re  shown i n  F ig .  A1®1, w h ic h  shows a r e g io n  o f  lo w  d e n s i t y *  
T h a t th e s e  a re  p i t s  has n o t  been  c o n f irm e d  b u t  a c o m p a r is o n  
o f  F ig .  A i d  w i t h  th e  p h o to g ra p h s  i n  (3 3 )  c l e a r l y  shows 
t h a t  th e s e  e t c h in g  f ig u r e s  a re  th o s e  r e p o r te d  b y  K r a t o c h v l l  
and H om ola . I f  F ig .  A l . l  i s  com pared w i t h  F ig .  3®3? 
w h ic h  shows a r e g io n  o f  h ig h  e tc h  p i t  d e n s i t y  i n  an u n d e ­
fo rm e d  c r y s t a l  e tc h e d  w i t h  1 %  n i t a l ,  tw o  o b s e r v a t io n s  can 
be made im m e d ia te ly .  The KH e tc h in g  f ig u r e s  a re  v e r y  
much s m a l le r  th a n  th e  1 %  n i t a l  e tc h  p i t s  and t h e i r  d e n s i t y
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i s  v e r y  much g re a te r®  R e p e a te d  e tc h in g  o f  t h i s  (1 0 1 0 ) 
fa c e  w i t h  th e  KH e tc h  has shown t h a t  i f  i t  i s  assumed t h a t  
th e  e tc h in g  f ig u r e s  i t  p ro d u c e s  a re  edge d i s lo c a t io n  e tc h  
p i t s ,  f o u r  o f  t h e i r  p r o p e r t ie s  c a n n o t he e x p la in e d t -
( i )  T h e re  i s  no c o r r e la t i o n  b e tw e e n  th e  s i t e s  w here  
th e y  fo rm  and th e  s i t e s  w here  1 %  n i t a l  e tc h  
p i t s  fo rn u
( i i )  A lth o u g h  th e y  do seem to  a l ig n  w i t h  b a s a l p la n e  
t r a c e s  on th e  (1 0 1 0 ) p la n e ,  th e y  do n o t  fo rm  
any  o f  th e  p o ly g o n iz a t io n  w a l ls  w h ic h  th e  1 %  
n i t a l  e tc h  r e v e a ls  e x i s t  i n  u n d e fo rm e d  c r y s t a ls *
( H i )  A ro u n d  th e  s p a rk  c u t  ends o f  a c r y s t a l  th e y  do 
n o t  r e v e a l  th e  s p a rk  e r o s io n  damage a s s o c ia te d  
w i t h  th e  c u t .
( i v )  A lth o u g h  t h e i r  a ve ra g e  d e n s i t y  on an u n d e fo rm e d
7 2c r y s t a l  i s  a b o u t 5 *1 0  /cm  , a d e n s i t y  i n  a g re e ­
m en t w i t h  th e  r e s u l t s  co n ve ye d  i n  (3 3 )?  t h i s  
d e n s i t y  i s  tw o  o rd e rs  o f  m a g n itu d e  g r e a te r  th a n  
th e  l° /6  n i t a l  e tc h  p i t  d e n s i t y  i n  u n d e fo rm e d  
c r y s t a l s  *
A d e t a i l e d  e x a m in a t io n  o f  th e  ( lO lO )  fa c e s  e tc h e d  w i t h  
th e  KH e tc h  r e v e a le d  many r e g io n s  o f  a g e n e r a l ly  c i r c u l a r  
n a tu r e  in s id e  w h ic h  th e  e tc h  p i t  d e n s i t y  f e l l  v e r y  s h a r p ly  
t o  z e ro .  F ig®  A l® 3  shows one su ch  r e g io n .  I n t e r f e r e n c e  
m ic ro s c o p y  showed t h a t  each  o f  th e s e  r e g io n s  was a s s o c ia te d  
w i t h  a s u r fa c e  i r r e g u l a r i t y  on th e  (1 0 1 0 )  p la n e ,  F ig®  A 1.4 -,
**> 2 4 * 8
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and th e s e  i r r e g u l a r i t i e s  w ere s u b s e q u e n t ly  i d e n t i f i e d  as 
th e  im p re s s io n s  l e f t  on th e  c r y s t a l  b y  th e  h o le s  i n  th e  
c r y s t a l  m ou ld  c h a n n e l.
C o n s e q u e n t ly ,  f ro m  th e s e  r e s u l t s  i t  was c o n c lu d e d  t h a t  
th e  KH e tc h  was n o t  an edge d i s lo c a t io n  e tc h  f o r  cadmium 
b u t  one w h ic h  was a 's u r f a c e  e t c h 1 f o r  th e  ( lO lO )  p la n e  
and somehow s e n s i t i v e  t o  th e  t r a c e s  w h ic h  b a s a l s l i p  l e f t  
on t h i s  p la n e .
A l *2 E tc h in g  th e  S crew  F aces o f  C r y s ta ls
A l l  a t te m p ts  t o  p ro d u c e  e tc h in g  f ig u r e s  on th e  s c re w  
fa c e s  o f  th e  u n d e fo rm e d  c r y s t a l  use d  i n  th e  p r e v io u s  s e c ­
t i o n  m et w i t h  f a i lu r e ®  H o w e ve r, when t h i s  c r y s t a l  was 
l i g h t l y  d e fo rm e d  t o  p ro d u c e  s l i p  l i n e s  on th e s e  sc re w  
fa c e s ,  th e  e t c h in g  p ro c e d u re  use d  i n  th e  p r e v io u s  s e c t io n  
p ro d u c e d  th e  e t c h in g  f ig u r e s  shown i n  Fig® A 1 .2 *  A com­
p a r is o n  o f  F ig®  A l® 2  w i t h  th e  p h o to g ra p h s  i n  (3 3 )  c l e a r l y  
shows t h a t  th e s e  e tc h in g  f ig u r e s  a re  th o s e  r e p o r te d  b y  
K r a to c h v x l  and H om ola and i f  th e  e t c h in g  r e s u l t s  d e s c r ib e d  
above a re  com pared  w i t h  ( 3 3 ) ,  F ig . 3 ,  i t  i s  seen t h a t  th e y  
a re  i n  a c c o rd  w i t h  th e  r e s u l t s  r e p o r te d  th e r e  i . e .  th e  
e tc h  p i t  d e n s i t y  on th e  s c re w  fa c e  i s  z e ro  a t  z e ro  s t r a in *
As 1 %  n i t a l  does n o t  p ro d u c e  e tc h  p i t s  on th e  s c re w  
fa c e s  o f  c r y s t a l s ,  i t  was n o t  p o s s ib le  on th e  s c re w  fa c e  
t o  c o r r e la t e  th e  KH e tc h in g  f ig u r e s  w i t h  1 %  n i t a l  e tc h  
p i t s ,  as was done f o r  th e  c r y s t a l  edge fa c e .  H o w e ve r,
2 5 0  -
s in c e  th e  w o rk  o f  S e c t io n  A l , l  had shown t h a t  th e  KH e tc h  
a c te d  as a 's u r f a c e  e t c h '  on th e  edge fa c e s  o f  c r y s t a l s ,  
i t  was c o n je c tu r e d  t h a t  i t  a ls o  a c te d  as a 's u r f a c e  e tc h *  
on th e  c r y s t a l s '  s c re w  faces®  To o f f e r  s u p p o r t  f o r  t h i s  
a s s u m p tio n  and th e  c o n c lu s io n s  re a c h e d  i n  S e c t io n  A l . l  i t  
re m a in s  t o  show t h a t  i t  i s  p o s s ib le  t o  e x p la in  K r a t o c h v f l  
and H o m o la 's  r e s u l t s  i n  te rm s  o f  's u r f a c e  e t c h in g 1.
A l *3  A P ro p o s e d  E x p la n a t io n  o f  K r a t o c h v i l  and H o m o la 's  
R e s u l ts
K r a to c h v x l  and H o m o la 's  a s -g ro w n  c r y s t a l s  w ere  o f  
s q u a re  s e c t io n  and th e  o n e , i d e n t i f i e d  as 3© (3 3 )?  f ro m  
w h ic h  th e y  d e te rm in e d  t h e i r  r e p o r te d  dependence  o f  th e  d i s ­
lo c a t io n  d e n s i t y  on s t r a in ?  F ig®  3® (3 3 ) 9  was g row n t o  
expose  th e  (1 0 X 0 ) p la n e®  Thus when i t  was e x te n d e d  t h i s  
c r y s t a l  d e fo rm e d  b y  s in g le  s l i p  on th e  b a s a l p la n e  w i t h  
th e  o p e r a t iv e  s l i p  d i r e c t i o n  b e in g  t h a t , ( jL 2 lo ] , w h ic h  la y  
i n  th e  (1 0 1 0 )  p lan e®
L e t  us  c o n s id e r  p a r t  o f  th e  gauge le n g th  o f  t h i s  c r y ­
s t a l ,  b o th  i n  i t s  u n d e fo rm e d  s t a t e ,  F ig .  A 1 .5?  and when i t  
had d e fo rm e d  b y  s in g le  s l i p  on th e  (0 0 0 1 ) [ l 2 l o ]  s y s te m ,
F ig®  A l® 6* U n d o u b te d ly  even  i n  th e  a s -g ro w n  s t a t e  th e
c r y s t a l  had s u f f e r e d  some s l i p  b u t  l e t  us suppose  t h a t  
t h i s  p ro d u c e d  so fe w  s l i p  l i n e s  on th e  s c re w  fa c e s  o f  an 
u n d e fo rm e d  c r y s t a l  t h a t  th e s e  fa c e s  may be c o n s id e re d  p la n e .  
L e t  th e  le n g th  o f  an (0 0 0 1 ) t r a c e  on th e  ( lO lO )  p la n e  be d
2 5 1
and l e t  th e  t h ic k n e s s  o f  th e  g e n e ra l s l i p  la m e l la  i n  an 
u n d e fo rm e d  c r y s t a l  be t Q« A gauge le n g th  1 m arked  on 
th e  s c re w  fa c e  o f  an u n d e fo rm e d  c r y s t a l  i s  g iv e n  b y
i „  -  *  — U -  C * , -  M
I n  i t s  d e fo rm e d  s t a t e  th e  c r y s t a l  had s u f f e r e d  s l i p  and 
th e  c r y s t a l l o g r a p h ic  l a t t i c e  had r o t a t e d .  Thus th e  
o r i g i n a l  gauge le n g th  1  had in c re a s e d  t o  1 -^  w here
f t  « C & !  = [ 2 ]
s in X p
H o w e ve r, s in c e  th e  c r y s t a l  had  s l ip p e d  on th e  (0 0 0 1 ) £ l2 lo J  
s y s te m , th e  s u r fa c e  a re a  o f  th e  ( lO lO )  fa c e  bounded  b y  th e
tw o  s c re w  fa c e s  and th e  ( 0 0 0 1 ) t r a c e s  w h ic h  pa ss  th r o u g h
th e  tw o  gauge le n g th  m a rk e rs  had n o t  ch a n g e d . H ence ,
ft™1,1
i - a . t 0 = L _ a . t 1 
whence = H > t 1  = K [ 3 ]
w here  K i s  a c o n s ta n t .
Thus M  • W  and [ 3 J y i e l d  th e  w e l l  known r e s u l t  ( 1 0 2 )
1 , s in "k  r  ~
—  -  — 2  [4-]
1 Q s i n ^
The s h e a r  s t r a i n ,  a, w h ic h  th e  c r y s t a l  had s u f f e r e d  d u r in g  
th e  d e fo r m a t io n  i s  g iv e n  b y
a = r S  
—1 ^ 1
a n d , s in c e  A „  = t „ .  c o t 'X  and A ,  = t , „ c o t ’V , » o o ^o  1  1  l
c o t  X j E q  -  c o t  X 0  E + 0
;->■* '.^ tfriviT"«ivr*,-ia^.:incJrm».a3a=P<Baw,,*LuayHMtiw*LWJ■bmhmW«8w b*KfsrtS!
E q
w hence, f ro m  [ 3 ]  , th e  w e l l  known r e s u l t  ( 1 0 2 )
a ** c o t  \  -  c o t  \ Q
- 2 5 2  -
Now K r a to c h v x l  and H o m o la *s  r e s u l t s ,  F ig®  3 “ ( 3 3 ) ,  
in d i c a t e  t h a t  th e y  o b s e rv e d  no e t c h in g  f ig u r e s  on th e  
s c re w  fa c e  o f  c r y s t a l  3 a a t  z e ro  s h e a r  s t r a i n ,  th e  r e s u l t  
w h ic h  c o n f irm s  some o f  th e  f in d in g s  o f  S e c t io n  A l* -2 . Con­
s e q u e n t ly  i f  th e  KH e tc h  i s  a 's u r f a c e  e tc h *  f o r  th e  s c re w  
f a c e , i t  can  o n ly  fo rm  e t c h in g  f ig u r e s  on th e  new s u r fa c e  
w h ic h  d e fo r m a t io n  e xp o se s  on th e  s c re w  fa c e *  I n  th e  
gauge le n g th  t h i s  s u r fa c e  w i l l  c o m p r is e  th e  t o t a l  exp o se d  
b a s a l p la n e  a re a  p ro d u c e d  b y  a l l  th e  s l i p  l i n e s  i n  th e  
gauge le n g th ®  L e t  t h i s  a re a  be A and l e t  th e  d is ta n c e  
b e tw e e n  th e  ( lO lO )  fa c e s  o f  th e  c r y s t a l  be T . S in c e ,  b y  
th e  m anner i n  w h ic h  th e  c r y s t a l  d e fo rm s , T re m a in s  un ch a n g  
e d , F ig®  A I 0 6  g iv e s
A = * £ ( 4  - A q )
w hence , s u b s t i t u t i n g  f o r  A Q and A-^ as b e fo r e  and u s in g  [ 3 ]
A *  K T (c o t  -  c o t  * \  )
H e n c e , f ro m  j% ]?
Thus th e  new s u r fa c e  w h ic h  d e fo rm a t io n  exp oses  on th e  s c re w  
fa c e  o f  a c r y s t a l  in c r e a s e s  l i n e a r l y  w i t h  s h e a r  s t r a i n  and 
i s  z e ro  a t  z e ro  s h e a r  s t r a i n .
L e t  us  now c o n s id e r  K r a to c h v x l  and H o m o la ’ s r e s u l t s  as 
r e p o r te d  i n  F ig *  3* (3 5 )  Xhe sc re w  d i s lo c a t i o n  d e n s i t ie s  
q u o te d  t h e r e  w ere  o b ta in e d  b y  t r a n s fo r m in g  th e  e t c h in g  
f i g u r e  d e n s i t ie s  o b s e rv e d  on a sc re w  fa c e  o f  c r y s t a l  3a 
on t o  th e  p la n e T  p e r p e n d ic u la r  t o  th e  s l i p  d i r e c t i o n .
The sc re w  d i s lo c a t i o n  d e n s i t y  a t  a g iv e n  s t r a i n  may be r e ­
s o lv e d  b a c k  on t o  th e  s c re w  fa c e  t o  g iv e  th e  c o r re s p o n d in g  
o b s e rv e d  e tc h in g  f i g u r e  d e n s i t y  on t h i s  fa c e  b y  m u l t i p l y in g  
th e  fo rm e r  b y  s i n * ^ .  S in c e  th e  a s -g ro w n  o r i e n t a t i o n  o f  
c r y s t a l  3a may be d e te rm in e d  fro m  th e  s te r e o g r a p h ic  t r i a n g l e  
g iv e n  i n  F ig .  2® (3 3 )  a s « 47°?  f o r  a g iv e n  s h e a r  
s t r a i n  may be c a lc u la t e d  fro m  e q u a t io n  [53 . I f  th e n  
a g ra p h  i s  d ra w n  o f  th e  e tc h in g  f i g u r e  d e n s i t y  o b s e rv e d  on 
th e  sc re w  fa c e  v e rs u s  s h e a r  s t r a i n ,  th e  s u r p r i s in g  r e s u l t  
t h a t  t h i s  d e n s i t y  in c re a s e s  l i n e a r l y  w i t h  s h e a r  s t r a i n  and 
i s  z e ro  a t  z e ro  s h e a r  s t r a i n  i s  o b ta in e d .  Thus K r a to c h v x l  
and H o m o la 1s s c re w  d i s lo c a t i o n  d e n s i t y  r e s u l t  may be e x ­
p la in e d  i f  i t  i s  assum ed t h a t  th e  KH e tc h  a c te d  as a 1 s u r ­
fa c e  e t c h ’ on th o s e  a re a s  o f  th e  b a s a l p la n e  w h ic h  d e fo rm ­
a t io n  exp ose d  on a s c re w  fa c e  o f  c r y s t a l  3a® The edge 
d i s lo c a t io n  d e n s i t i e s  q u o te d  i n  F ig .  3® (3 3 )  a re  th e  e tc h ­
in g  f i g u r e  d e n s i t i e s  o b s e rv e d  on an edge fa c e  o f  c r y s t a l  3 a .
Thus K r a to c h v x l  and H o m o la 1s edge d i s lo c a t io n  d e n s i t y  r e ­
s u l t  may a ls o  be e x p la in e d  b y  ’ s u r fa c e  e t c h in g ’ , s in c e  i t  
has been shown i n  S e c t io n  A l . l  t h a t  th e  KH e tc h  a c ts  as a 
’ s u r fa c e  e t c h ’ on th e  ( lO lO )  p la n e  and i n  t h i s  s e c t io n  
t h a t  th e  a re a  o f  an edge fa c e  o f  c r y s t a l  3a re m a in e d  u n ­
changed  d u r in g  d e fo r m a t io n .
A l .4  C o n c lu s io n s  and  Ob s e r v a t io n s  on K r a to c h v x l  and
*** 2 5 4  ~
I t  has been shown t h a t  th e  KH e tc h  i s  n o t  a d i s lo c a ­
t i o n  e tc h  f o r  edge d i s lo c a t io n s  i n  cadm ium and t h a t  K ra to ~  
c h v x l  and H o m o la ’ s edge and s c re w  d i s lo c a t io n  d e n s i t y  r e ­
s u l t s  as r e p o r te d  i n  F ig®  3® (5 3 )  can b o th  be e x p la in e d  i n  
te rm s  o f  ’ s u r fa c e  e t c h in g ’ . C o n s e q u e n tly  i t  i s  p ro p o s e d  
t h a t  th e  KH e tc h  i s  n o t  a d i s lo c a t io n  e tc h  f o r  e i t h e r  edge 
o r  sc re w  d is lo c a t io n s  i n  cadm ium .
T h a t th e  KH e tc h  does n o t  r e v e a l  edge d i s lo c a t io n s  
has been a m p ly  d e m o n s tra te d  and i t  i s  p ro p o s e d  t h a t  on 
c r y s t a l s ’ edge fa c e s  t h i s  e tc h  p ro d u c e s  some fo rm  o f  ' s u r ­
fa c e  e t c h in g 1 w h ic h  n o t  o n ly  i s  s e n s i t i v e  to  th e  t r a c e s  
w h ic h  b a s a l s l i p  le a v e s  on th e s e  fa c e s  b u t  w h ic h  p ro d u c e s  
e tc h in g  f ig u r e s  o f  u n i fo r m  d e n s i t y ,  p ro v id e d  th e  edge fa c e s  
a re  sm ooth and a lm o s t c o in c id e n t  w i t h  th e  ( lO lO )  p la n e *
An e tc h  w h ic h  has th e s e  p r o p e r t ie s  can e x p la in  K r a to c h v x l  
and H o m o la 's  edge d i s lo c a t io n  d e n s i t y  r e s u l t .  H ere i t  
s h o u ld  be p o in te d  o u t  t h a t  i t  i s  u n l i k e l y  t h a t  K r a to c h v x l
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and Homola would have noticed the sensitivity of their 
edge face etching figures to surface irregularities since 
their crystals, grown in glass tubes with exact profiles, 
would have had smoother faces than the crystals grown in 
Chapter 2®
That the KH etch does not reveal screw dislocations 
has not been demonstrated conclusively but from the cir­
cumstantial evidence which is available from the perform­
ance of this etch on crystals' screw faces, it is proposed 
that on these faces the KH etch causes 'surface etching' 
which produces etching figures of uniform density on those 
areas of the basal plane which the slip lamellae produced 
during deformation expose on the screw faces. An etch 
which has these properties can explain Kratochvxl and 
Homola's screw dislocation density result and their obser­
vation that etching figures on the screw faces aligned 
along slip lines.
Acceptance of the proposition that the KH etch is not 
a dislocation etch for either edge or screw disloca­
tions in cadmium leads inevitably to the conclusion that 
Kratochvxl and Homola's paper is without worth. If this 
acceptance is made, their work does at least serve as a 
very convenient illustration of the danger of ignoring the 
point made in Section 1*5«1, namely that "as it cannot be 
assumed that every etching mark produced on a crystal sur­
face by a newly developed etch is associated with a dislo-
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cation, much work must be done with the crystal-etch sys­
tem to try and establish a one to one correspondence be­
tween the etching marks and dislocations". Kratochvrl 
and Homola have not presented the results of such work nor 
reported that they have made a comprehensive evaluation of 
their etch nor have they sought and offered substantial 
circumstantial evidence to support their claim that the KH 
etch is in fact a dislocation etch. Consequently they 
have erroneously assumed that their etching figures were 
dislocation etch pits® That the KH etch is a derivative 
of the Gilman dislocation etch (160 gm CrO^, 50 gm Na^SO^ 
and 5 0 0  gm water) for cadmium-doped zinc, and is in fact 
identical to the solution Gilman (21) used to polish his 
crystals prior to etching, serves to illustrate the further 
point that because an etch very similar to an established 
dislocation etch for a given material also produces etching 
figures on another material, it cannot be assumed that 
these figures are also dislocation etch pits.
Finally, if it is accepted that the KH etch is not a 
dislocation etch for cadmium, this thesis embodies the 
first reliable study of the increase of dislocation density 
with strain in single crystals of cadmium.
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Fig. Al.l Etching figures formed on the
edge face (lOlO) of an undeformed crystal 
by the KH etch. - xlOOO
[(OOOl) trace runs N.W.-S.E.J
Fig. A1.2 Etching figures formed on the
screw face of a deformed crystal by the KH 
etch. r - xlOOO
[(0 0 0 1 ) trace runs E.-W.J
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Fig. A1.3 A region on the edge face of an 
undeformed crystal etched with the KH etch.
xlOOO
[(0001) trace runs N.W.-S.E.J
Fig. A1.4 Interference photograph of the 
same region shown in Fig.A1.3 above. xlOOO 
(Double imaging due to Nomarski polarization 
interferometer used.)
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Fig. A1.5 Part of the gauge length of an undeformed 
square section crystal of the type used by Kratochvil 
and Homola. (1010) and [1210] are in plan© of paper.
Fig. A1.6 The appearance of Fig.A1.5 when the crystal 
has deformed by single slip on the (0 0 0 1 ) [I2 l0j system
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APPENDIX 2
THE THEORETICAL SOLUTION OF THE PERMEABILITY PROBLEM
The interpretation of the results obtained from the 
resistivity apparatus required recourse to a theoretical 
solution appropriate to the geometry of rectangular section 
crystals placed in the resistivity coil system, Chapter 6 * 
Such solutions for some simpler geometries are well known 
and two of these are derived briefly and compared with the 
rectangular solution which is presented here for the first 
time® The method of the finite Fourier cosine transform 
used to obtain this solution is then shown to be capable 
of solving the more difficult problem presented by the 
geometry of a bent rectangular crystal*
A 2 »1 The General Problem
Consider a cylinder of infinite length and any uniform 
cross-section placed in and with its axis parallel to a 
uniform sinusoidal alternating magnetic field, Fig. A2®1*
If the cylinder material is metallic but non-ferromagnetic, 
the displacement current in Maxwell's equations may be 
neglected, since it is very much smaller than the conduction 
current, and. the permeability of the material may be con­
sidered to be unity, since the material's magnetic suscep­
tibility will be very much less than unity*
Let the conductivity of the metal be isotropic and cr,
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and let E ' , H ! and jj, be the electric field, magnetic field 
and current density respectively inside the metal. M a x w e l l ’s 
equations and Ohm's law inside the metal become, using e.m.u®,
[l] curl H' = 4rcq [2 ] curl E ’ = -
C3 ] div H' = 0  M  2  = CfE'.
Now,
3 H fcurl curl H' = 4 tc* curl = 4 ftd®eurl E' = - 4 7 ^ ® ^  ®
Let H' be of angular frequency cu and take the form
H* = H»exp(icut).
Thus curl curl H  = ~i®4'rcC'ou.H. [5 ]
But since curl curl H  = grad div H ~ V 2H
and from [3], div H  » 0, equation [5] may be written
V 2H = i.4-5cau..H. [e]
As the applied sinusoidal alternating magnetic field has 
only a component parallel to the cylinder axis, H will have 
only such an axial component® If this be H, [6 ] becomes 
the scalar equation
V 2H = i.47cou».H. [7]
If the applied magnetic field takes the form
H a = H g ®exp(icut)
H must equal at the cylinder surface, since the magnetic 
field must be continuous across this. If 0 is the curve
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bounding the cross-section A then equation D?! may be solved
to give H as a function of position on A. In general this 
will be a two-dimensional problem*
may be found from
J  = J T & .  dA
and the mean magnetic induction, B, may then be found from
o = B.A.
Finally, the complex permeability, p, of the cylinder may 
be determined from the relation
and Shoenberg (1 2 3 ) has collected the solutions to this for 
an infinite circular cylinder parallel to the applied field, 
a thin infinite plate with the field parallel to its surface 
and for a sphere* For these cases the solutions of equation
By using the above field equations in what is now called
tt
'impedance analysis', Forster (124) has calculated essenti­
ally the complex permeability as a function of the conduc- 
tivity-frequency parameter ecu, for the cases of an infinitely 
long circular cylinder, an infinite half-space and an
From H, the total through the cross-section A
p = p ' - ip" = B/H .
Equation [?] is closely related to Londons' equation
V 2H = H/X 2
[7] follow on replacing \ by (i«4 7caa> ) ” 2 *
2 6 3
ellipsoid, with each in a uniform sinusoidal magnetic field, 
Graneau(l25) has pointed out that more recently Zimmerman 
(112) and Chambers and Park (11?) have presented the results
M
of Forster's circular cylinder analysis in a modified form*
The solutions giving the complex permeabilities of an 
infinite plate of finite thickness and a circular cylinder 
will be derived briefly so that they may be compared with 
the rectangular prism solution*
A2«2 The Infinite Plate of Finite Thickness
Let us consider the solution of equation [7] inside 
unit length of an infinite plate of thickness 2A in the 
x-direction, Fig* A2®2® Since there is no variation of H 
in the y-direction, equation [?J in rectangular cartesian 
co-ordinates reduces to
a 2 H  ,2 TT ______,2
dx 2
Whence, following Section A2*l,
2 H
H  cosh lac  j T  s
HT “  cobE'ES I  “s
tanh kA.
Thus the complex permeability is given by
o 1TJp as p * *=■ ip" js: ~ ltAa 1 ®-nh kA
s s
The components of p may best be obtained from this equation 
by invoking the use of the dimensionless parameter 
z = (^ -Tcaou) 2A, whence kA = z/T* It follows that, putting 
v = z/2,
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, = sinh v  + sin v 0 „ _ sinh v - sin v
jj, - + COS v)  ^ ~ v'(cosh v + COS V J 0
Computed, values of p.1 and p," are plotted as functions of 
z in Figs. A2*5 and A2.6 respectively*
A 2 .3 The Circular Cylinder of Infinite Length
For this case equation [7] must be solved inside the 
circle of radius A, Fig* A2*3° Since circular symmetry 
exists, H is a function of r only and equation [?] in cylin* 
drical polar co-ordinates reduces to
+ r°(Jr 83 where k2 = i«47cao)o
Which, on solving for H and J  gives
H J 0 ( v 4 ? . r )  ^ T  2 tcA2 Hs  J l ( / ? . A )
. r«, n QTl. d O m~i"UJ~ySSSi^ y *'1: l,1* ~ 0 """
S J Q (/-k • A) x  (/-k .A) J 0 (/-k .A)
where J , J-, are Bessel functions of the first kind and ofo 7 1
order zero and one respectively* Thus the complex perme­
ability is given by
T? o J *1 (/~k * A)
[i « P. 1 - ip." = -S- as --- - -~ w - - — jr 
s *A
As in Section A2.2, the components of p, may best be obtained 
from this equation by using the dimensionless parameter 
Z = (45COto)^A, whence = A . z .  Previous workers
(1 1 2 , 1 1 3 9  124) have calculated the values of p. 1 and p." using
tabulated Bessel functions* Computed values of p2 and P-"
are plotted as functions of z in Figs* A2®5 and A2.6
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respectively*
A 2 *4 The Rectangular Prism of Infinite Length
Here equation [?] must he solved Inside the rectangle 
of sides 2A and 2B, Pig. A2«4o Unlike the previous case, 
no symmetry property can he used to reduce this equation to 
give a one-dimensional problem# Hence equation [?] in 
rectangular cartesian co-ordinates becomes
+ = k2 .H [8]
dx 6y
2where k « i*4ftOiuo
However, equation [8] may be reduced to one in one 
variable if use is made of the finite Fourier cosine trans­
form® This (126) defines the transform f(p) of a function 
f(ty) by
f(p) = /  f (ty) cos pty dty [9]
%
where p is a positive integer or zero and the appropriate
inversion formula to give f(^) is given by
00
f O )  = i f ( 0 ) + | E f ( p )  c o s p f
%  * p = l
where I’(0) denotes / f(?) dty* Thus, by writing f = ¥ 5  ,
y q  i i  C
equation [9 ] can be used to define a function H(y)
3 Z+A
3(y) = j !  H ( x sy)«cos p jg.dx
) — A
where p is a positive integer or zero®
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Now multiply each term in equation L8 J hy the kernel 
jcospjrj and integrate w.r.to x from -A to +A. Thus for
the first term
1  /+ A /a2H
A c o s p g . d x  = |'A \dx
M )
\ d x J
+A
c o s  P s 2
x=-A 
ft A
+ 2 p / -A  ( t i ) S i n p S ' " d x -
Since remains finite at the boundary x = iA, the first
term on the right hand side vanishes and a second integration 
gives
ll -
1 2 A
. X7CH  sin A - - i / f t - 008 p f i - dx
= H  0
2 A  s
sin p ^ 2  
since H  = H  at x  = + A®
+A
“A
H
s
Now if p is even . ^  X7Csin
+A
-A
= 0
x%and if p takes the odd values 1 ,5 , 9  etc® [sin pgg
and if p takes the odd values 3 ,7 , 1 1  etc® jjsin p 
Hence 1^ may take two values, namely, 
for p even I, =
+A
XK
A2.
A
+A
-A
/ \ 2
s  -h
and for p odd
where p » 2n + 1, n = 0,1,2*®*® Transforming the second
i A A / a % \  c s  dx =
A X a  \ay 2 j C O S P A2-dX dy2
and 1  / ^ , 2  tt _ v 2  u
° P j g  ° *" * H  *
The y boundary conditions are H = H at y « ±B. Whens
transformed these become
_ +A
and third terms of equation [8] gives
•A
—  1  XTC 2 H S f  . X f t
h ±b  = l/_A H s cos p A S “d;x: = -p F _ s i n p A5.
Whence, for p even H.-n = 0
j ~  4 H
and for p odd H.-q « ( ~ l ) % ™ r °*  +£ N '  pft
Thus when transformed, equation [8 ] is reduced to two 
possible differential equations in one variable only, each 
with its own boundary conditions, namely,
for p even - (§j) = k % H  [ i o ]
d y
where H  = 0 at y = ±B,
and for p odd
- ® ) 2 *H + (-l)n .E|.Hs = k2 .H [ll]
4 H
where H  = (-l)n .—™- at y - IB.
A2®4®1 The Solution for p Even 
Equation [io] may be written
where = ( i )  + and has a general solution of the
form
H as C sinh + D c o s h ^ y .
Substituting the boundary conditions H « 0 at y - gives 
0 = D = S. Hence the solution for H with p even can be 
discarded*
A 2 o4«2 The Solution for p Odd
Equation C u ]  may be written 
2«~
X - I  -  <e2 ,K  + ( ~ i ) n .E 5 .H = o
dy 2  A 2 s
P
where &  = \prj[) + k , and has a general solution of the
form
H  - E sinh ^ y + F cosh  ^ y + (-l)n B* - £ ^ 0H »
A  * s
Substituting the boundary conditions H  = (-l)n 4 H /prc ats
y  = ±B gives
2
+ H  v 2
E = 0 and F c o s h ^ B  = (-l)n—
£>% £d
cosh Ay / p %  \ 1 
. c o s H T g  + i ^ s ;
This is the complete solution for H and since it does not 
include the term p = 0 , the inversion formula, Section 
A2.4, becomes
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Whence
H
H s
)V~~--«
- A . ,
p odd
(-1 ) n cosh ly . / p 7C 1+ l m
S i c o s p f f
J p-2
Since both cos and cosh are even functions, H  has reflection 
symmetry in both the x~ and y-axes®
A2®4«3 The Complex Jt'ermea!
The total flux through the prism is given by
f k  f t0 = 4  /   H dx d y .
JO JO
2V ^
•Z i
p odd
Now
where
and
Whence
f
4 H It 
J3 
014 q— g — /, ,(-1)
n I + I
_ 2  3J
X7C
A / B /'cosh^y\ c o s P E
'0 J 0
(_l)n 0_ _ ^ ™ „ t a n h  -0B* 
v c p ^
o =
A  /B
I j ”L! _
0 J O  [ 2 A k )  '
= (_l)n * *
> f/2 Aft 'ta
“ I ?
x%
2 cos pxo
^ ^ • d x  dy
8 H k s
A p odd L'p7C
f \ tanbj«B , B 
\pw/ * *—
And since the complex permeability is given by
J LH
p = p* - ip" 2 k
4ABH ’ s
V  f2A\C' tanh -«B . 
/  , .   =r—  +
A  B p odd
 
&
[12]
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A2*4*4 ion of the Permeability Curves
In equation [l2] the substitution B «= uA was made,
making u the ratio of the sides of the rectangle* Since
By introducing the dimensionless parameter z = (4 ftOU) ) 2 * A,
imaginary parts in a form suitable for computation on an 
Elliott 503 computer* The p" series converges very rapidly 
but the p ! slowly® So that both these parameters could 
be calculated to six decimal places over the range 0 < z < 1 0 , 
it was found necessary to sum 1 0 0 0  terms of the series*
For selected u values, the computed values of p' and p n 
are plotted as functions of z in Figs* A2*5 and A2*6 res­
pectively*
A 2 *4©5 The Degeneration to the Infinite Plate Solution
Clearly, if two opposite sides of the rectangle, Fig# 
A2«4, are extended to infinity in the direction of one of 
the a x e s , the rectangle will become an infinite plate of 
finite thickness* Under this condition the rectangular 
prism solution should degenerate to the infinite plate 
solution* Since, in general, the parameter z, and hence 
A, remains finite, the rectangular prism solution may only 
be made to degenerate in this way by allowing B, and hence
then 2
x
equation [1 2 ] was algebraically separated into real and
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u, to tend to infinity* This will produce an infinite 
plate of thickness 2A, Fig® A2*2®
By substituting for & and putting B = uA and kA = x, 
equation [l2 ] may be written
8 ( 1 ) 2  tanh ux
^ = £ V d d uxVp*'
Then as u §> CO
l-l — /_____ j ---
13 o d d x 2
1*6®
( 1 ) + 1
1/2
+ 1
3/2 + p odd 2“ X
d )  * 1
%  oddx
m  ♦ 1
X tanh x
p -— >  ^jptanhkA.
That is, the rectangular prism so3.ution, Section A 2 ®4 ® 3 9  
degenerates to the infinite plate solution, Section A2.2*
A2.4®6 Some Properties of the Permeability Curves
It is interesting to note that in each of the three
solutions discussed the same type of z parameter appears,
this being a product of the conductivity-frequency parameter 
4
(4-ftCRDu) and a cross-section half-thickness, A®
The family of permeability curves defined by u>l lies
between the curve u = 1  and the infinite plate curve The
p ! and p" values for u » 1 0  agree with the infinite plate
6values to 1  part in 1 0  *
Each p ff curve passes through a maximum and the z values 
corresponding to these maxima are given in Table A2®1®
Equation [12] remains unchanged if u is replaced by 
1/u and z by z 1 = uz® Thus graphs of p, 1 and |X,T for a value 
of u<l may be obtained from the reciprocal u value graph, 
u>l, by plotting values of p.' and p." against z ’ instead of 
z .
A 2 .4® 7 The F i e l d  P r o f i l e s
Section A2.4.2 gives an expression for H/H , the fields
inside the rectangular prism normalized with respect to 
the applied boundary field H g o The real part of this 
expression has been extracted and for a square section prism, 
u = 1 , its value computed along a square axis and diagonal 
for selected values of z® The results obtained are plotted 
as families of curves in Figs® A 2 ® 8  and A2*9 which show how 
the field profile changes along the square axis and diagonal 
as the conductivity-frequency parameter z is varied®
Section A2®3 gives the corresponding expression for 
H / H s for the circular cylinder© For comparison, the family 
of curves produced from computed values of this expression 
along a circle radius is plotted in Fig® A2.10 for the same 
values of z,
A2.4.8 The Current Streamlines
A current streamline is defined in rectangular car­
tesian co-ordinates by the equation
dy .. 4**** BKIgiTO
d x  j
-  2 7 2  -
x and y directions respectively# Thus,
dx .dy - j .dx = 0. [133
But from equation [1 ]. Section A2*l,
curl H* = 4ftj 
which when resolved into components under the conditions 
imposed by the applied magnetic field gives
^ x  - H  311(1 ^ y  = - f i ”
Thus, equation [1 3 ] may be written
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where j are the components of current density in the
i.e# H * constant.
Thus current streamlines take the same form as field con­
tours i.e# curves of constant H#
Clearly, because of the circular cylinder's symmetry, 
the field contours in this case must form a family of con­
centric circles# For the case of a square prism the values
of the real part of H/H have been computed over a quadrants
and Figs# A2*ll to A2.14 show the form the field contours 
take for selected values of z©
A2.5 The Prism of Infinite Length with Cross-Section an
For this case equation [7] must be solved inside the 
annular segment whose sides are formed by the angle 2a and 
the radii a,b, Fig* A2o7® No symmetry property can be
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used to reduce this equation to give a one dimensional 
problem. Hence equation [7 ] in cylindrical polar co-ord­
inates becomes
d H , 1^ dH 1 d H -.2 tt fixl
3 r r 5 ©
2
where k = i®47ttfco®
However? equation [1 4 ] may be reduced to one in one 
variable if use is made of the same type of finite Fourier 
cosine transform used for the rectangular prism solution? 
Section A2®4o Following the procedure adopted there put
L f +aH = \ j  H . c o s o - S d ©  
ay  h “c° s p s 2— OC
where p is a positive integer or zero
Now multiply each term in equation [14] by the kernel 
1 Q%~  cos p^g- and integrate w.r.t® Q from -a to +a, If use is
made of the © boundary conditions H *= H at © « *a when
2++ s pi TT
— t$ is transformed? and subsequently the r boundary con-
3© 2-rv7 3 Hditions H  = H  at r = a?b are transformed? the term — ^
s a©2
may be eliminated from equation [i.4-3 • When transformed 
this is reduced to two possible differential equations in 
one variable only? depending on whether p is even or odd® 
These with their boundary conditions are
for p even 0  + i . g  . ( g ) 2 .H  = k 2 .H [l5]
where H  = 0 at r « a?b
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and for p odd
d 2H . 1 dH
2 + r'dr ~ _ 2 ’
_ (_l)n .E|.H  1 = k2 .H [16]
rv ^
4 H
dr r u a
where H  = (-1) o«~~ at r = a,b and p ~ 2n+l\ jr
A 2 .5.1 The Solution
Equation [153 be written
d 2!  , 1 dH /, 2 . v2 \ ^  n
j ?  + r - a s - ( *  ■ 0
where v2 = (p^/2 a)2 o
On substituting m  = \/~k2 *r this becomes
a 2 H  + i . d |  + ^  _ 4 Y h  = O
^  " v a »  - ^  - 7
with 1  = 0 at i  = v/~k^*a,v/G ? * b ®  Since for this solution 
p is zero or a positive even integer, v may be zero, inte­
gral or non-integral and thus the general solution of this 
differential equation may be written
H = A J v (m) + B J_y (m) for v non-integral,
or H = A  J v (m) + B Y v (m) for v integral or zero,
where is a Bessel function of the first kind, of order v,
and Y v is a Bessel function of the second kind, of order v®
Substituting the boundary conditions H = 0 at m = a,
gives A = B = 0* Hence the solution for H with p 
even can be discarded*
A2 * 5«2 The Solution for p Odd
Equation [l6] may be written
af| + 1  d | . U  t v £ U  o£ ,
dr 2  r dr I r2 / r 2
2
where again v2  = and c = (-l)n .Eg.Hs . On substi-
- oc
tuting m = \/“k .r this becomes
m 2 o<L-| + m*^S 4. ( m2 ~ v2 ).H = -c2 . [17]
The general solution of this equation may be obtained in 
the form (127)
H = E H p ( m )  + F H 2 (m) + h(m)
where H p ( m ) , H 2 (m) are two linearly independent solutions 
of the equation
2 d2H x „ dH ± (J 2  2\ «« nm  o "q + m®^*— + (m — v ) oil — u
dm 2  3111
and h(m) is a particular solution defined by
C h(m) « S,(m) /  t”’1 H 2 (t) c 2  dt - S 2 ^m V m  c2  dt
where C, m  times the Wronskian of H^, H 2 , is a constant. 
Since for this solution p is a positive odd integer, v 
is integral for values of a = ^ 9 2p  j| etc, and non-integral 
for all other values of ou If v is integral then 
q C m )  = J v (m), H 2 (m) = T v (m)
and since the Wronskian
and the solution of equation £l7] may he written
H - E J v (m) + E Y v (m) + h(m) £l8]
where ~ /m 1 fix ^
— ^®h(m) = J y (m)/ ^ Y  (t) dt - Y (m) / ^ J y (t)dto 
7co J  mQ J  mQ
If v is non-integral then
H pCm) = J v (m), H 2 (m) = J _ y (m)
and since the Wronskian
w{ H n ,H0} = ~  2= - J L esin( vtO $ C = - 2 .s l n ( v % )v 1 dr m  Tun.  ^ v 7
and the solution of equation £17] may be written
H  *= E J v (m) -+ E J _ v (m) + h(m) £l9]
where 2 fix
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/ Isin(v70 *h(m) =* J (i)/ ^-Jv (t)dt
/ in O
/£ i
- J v (m)/ i  J ( t )  a t .
J m 0
Depending on the value of a, the solution for the 
complex permeability, p, may be obtained from either equation 
[18] or £1 9 ] by using the inversion formula as in Section 
A2®4®2* However, since the integrals contained in these 
equations cannot be obtained in closed form, they have to 
be evaluated numerically, and in the absence of a specific 
value for a, the computation of p cannot profitably be car­
ried further*
2 7 8  -
Fig® A2®1 The cylinder of uniform cross-section®
yj\y 
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Fig® A2.2 The infin ite plate® (Cross-section)
Fig® A2*3 The circular cylinder® (Cross-section)
Fig® A2®4 The rectangular prism® (Cross-section)
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Fig® A2.5 Plots of the real p art (fx1 ) of the complex
permeability against the parameter (z) for the
infinite plate, circular cylinder and rectangular prism 
when u = 1 ? 2 9 5 , 1 0 *
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Fig. A2.6 Plots Of the imaginary p art (h H) Of the complex 
permeability against the parameter J^rcouhA (z) for the 
infinite plate? circular cylinder and rectangular prism 
when u = 1 ? 2 9 5 , 1 0 o
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SHAPE OP CROSS-SECTION M." z
Circle .5774 2.515
Square (u=l) .5659 2.349
Rectangle (u=2) • 5751 1.867
(u=5) .3964 1.683
" (u=1 0 ) .4063 1.635
" (u=1 0 0 ) 1.4 I6 I 1.598
" (u=1 0 0 0 ) .4171 1.594
Infinite Plate .4172 1.594
Table A2®1 The positions of the p u curves' maxima®
M*niin"wirfl rfi.jwwi i w irrri<1.1 n irumwfww rf,1.u^.n^i)va-inir*>iVML.n*BJB<W.*MirwiVfwi*4tir.fT»CT'i'/*'*li<'.^mCTr>ri't»
® H S
Fig« A2®7 The annular segment® (Cross-section)
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Fig. A2.8 Plots of the real part of the normalized field 
(H/Hs ) along the axis of a square against normalized 
distance (x/A) for z = 1 ?2 93i>4,5,6,8,10® Circles (o) denote 
6 /A value for each z , 6 being skin depth for plane surface®
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Fig* A2.9 Plots of the real part of the normalized field 
(H/Hs ) along the diagonal of a square against normalized 
distance (x/A) for z=l,2,3*4,5*6, 8 ,10® Circles (o) denote 
6 /A value for each z , 6  being skin depth for plane surface®
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Fig. A2.10 Plots of the real part of the normalized field 
(H/Hs ) along the radius of a circle against normalized 
distance (r/A) for z =1 ,2 ?39z1-?5 ?6 ,8 ?1 0o Circles (o) denote 
6 /A value for each z ?6 being skin depth for plane surface.
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EDGE
Fig* A2.ll The normalized fie ld  contours over a quadrant
of a square prism when z=2*
no
on
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Fig. A2.12 The normalized fie ld  contours over a quadrant
of a square prism when z=3°
m
o
o
m
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Fig® A2.13 The normalized fie ld  contours over a quadrant
of a square prism when z=5°
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Fig® A2.14 The normalized fie ld  contours over a quadrant
of a square prism when z=10®
jAjOOUJ
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APPENDIX 3 
TRANSMISSION ELECTRON MICROSCOPY
The investigation of Chapter 4  into the damage injected 
into cadmium single crystals by spark erosion machining had 
provided the quantitative information on the depth of such 
damage which it was necessary to have before this cutting 
technique could be used to produce sections of deformed 
crystals from which foils free from sectioning damage could 
be prepared for transmission electron microscopy® This 
appendix describes how a suitable thinning technique for 
cadmium was developed and how this and the results of Chapter 
4 were used to produce damage-free thin foils from undeformed 
bulk crystals® Some micrographs of typical features obser­
ved in such foils are presented#
A3 * 1 The Development of a Suitable Thinning Technique
The success with which a transmission electron micro­
scopy study of a given material can be pursued rests heavily 
on the quality of the final polish which can be developed 
for the material* The low transmissivity of cadmium to 
electrons and the information which was available from re­
ported transmission electron microscopy studies of cadmium 
platelets, Section 1 ®3 ® 1 9  bad led to the conclusion that 
the final thinning procedure used for cadmium must be cap­
able of producing large, very thin areas, Section 1*5*2©
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As 2 0 %  nital had been found to be a good electropolish for 
bulk single crystals? Section 3*10? an investigation was 
carried out with cold rolled polycrystalline cadmium strips 
to determine if this solution could also provide a suitable 
final electropolish on thin foils prepared for electron 
microscopy® It was indeed found that successful results 
could be obtained with 2 0 %  nital? providing that it was 
maintained in the temperature range - 5 0 ° to -70°C whilst 
foils were being electropolished®
The experimental procedure used to prepare thin foils 
from *0 2 0 " thick cold rolled polycrystalline cadmium strips 
comprised two stages® In the first a length of strip was 
framed on both sides with Fortolac to leave an exposed area 
of 5  cm x  1  cm which was thinned by the window technique 
(1 0 1 ) by being chemically polished in 2 0 %  nital at room 
temperature® When this had produced two perforated edges 
in the window? the strip? held with stainless steel tweezers? 
was transferred into a stainless steel beaker containing 
2 0 %  nital cooled to -50° to ~*70°0& In the second stage 
the window was electropolished in this cell? with the 
tweezers acting as the anode and the beaker as the cathode? 
for 5 to 10 min at an applied d.c® voltage of 5 to 10 V  and 
with a current density at the surface of the window of about 
0*02 A/sq cm® When this had produced thin slivers of cad­
mium along the window's perforated edges? the strip was
thoroughly washed in alcohol and then petroleum ether and 
dried in a cold air stream* The slivers were then nipped 
off with a scalpel, placed between two microscope grids and 
examined in a Siemens Elmiskop I electron microscope aligned 
on 1 0 0  kVo
A3•2 Observations on Polycrystalline Foils
When polycrystalline foils were examined in the electron 
microscope it quickly became clear that if this was set up 
to give well-defined, easily-visible images, the great acti­
vity which the electron beam produced in the foils prevented 
both quantitative work being done directly off the screen 
and the taking of good micrographs® It was found that 
micrographs of dislocations in these foils could be obtained 
only if the microscope condenser was overfocussed, the beam 
current control set to zero and exposure times of several 
minutes used* Figs® A3®1 and A3 *2 are two micrographs taken 
under such conditions, the former showing an array of stat­
ionary dislocations in one of the sub-grains, the latter 
showing two stacking faults around a twin®
These observations and the knowledge that dislocation 
activity in the electron beam would be much greater in foils 
prepared from single crystals verified the prediction of 
Section 1*5®2, namely that the use of a cold stage would be 
imperative in an electron microscopy study of foils prepared 
from single crystals®
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A3* 3 The Preparation of Foils from Undeformed Single
It was clear that If the dislocation arrangements seen 
in thin foils obtained from single crystals were to be truly 
representative of those which existed in the bulk material, 
much greater care had to be taken over the preparation of 
these foils than the foregoing polycrystalline foils. In the 
first instance this required the use of a cutting technique 
for sectioning single crystals and this had to be one which 
introduced no damage into that part of a section from which 
the thin foil for electron microscopy was obtained® It was 
this requirement which had led to the investigation of Chapter 
4 into the damage injected into cadmium single crystals by 
spark erosion machining and the results from this study were 
first used to obtain, by spark erosion machining, crystal sec­
tions whose central portions were free from machining damage® 
Since it was necessary to show that foils prepared from re­
gions of crystal sections which were claimed to be free from 
machining damage were in fact themselves free from damage, 
foils were first prepared from sections machined from undefor­
med crystals® As it was anticipated that nearly all the di s ­
locations present In these crystals were basal dislocations, 
basal sections were cut by the method given below®
An undeformed crystal to be sectioned was first etched 
in l °/6 nital to identify the basal plane traces on its edge 
(1010) faces® It was then placed with an edge face down-
wards on the table of the Servomet spark m a c h i n e ’s two- 
circle goniometer, Fig® 4®2? where it was held in position 
by a surround of Fortolac® Next it was parted parallel to 
the basal plane by a cut which employed a *0 0 2 " fixed tung­
sten wire on Range 7° The wire was positioned by first 
being aligned with the side of the crystal and then rotated 
against a protractor through the basal plane angle as given 
by the K-ray films? Section 2.4? and this it was considered 
enabled a basal plane to be exposed to within - 1°, The 
resulting smaller piece of crystal was then removed from 
the goniometer table by dissolving its surround of Fortolac 
with acetone? the wire was raised clear of the crystal with­
out touching the exposed basal face and? to support the 
crystal section about to be cut? a blob of Fortolac was 
placed against the exposed basal face to affix it to the 
table® A second cut was then made in the manner of the 
first to yield on completion a basal section 1  mm thick 
which was removed from the goniometer table with acetone®
The wire was then raised and further sections cut? each of 
which was considered? from the results of Sections 4 . 6  and 
4.7? to contain damage due to spark erosion machining to 
a depth of 0 ® 2  m m  from each of its basal faces*
As the basal sections obtained above were undamaged by 
spark machining only in their central regions? it was from 
these regions that foils had to be prepared* This was
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accomplished by pre-thinning sections from both sides down 
to a thickness of about ®0 0 3 " according to the following 
method®
A section was affixed to a slip of stainless steel by 
a surrounding frame of Fortolac which covered the edges of 
the section to leave an exposed window of cadmium* This 
was thinned and dished by being soaked horizontally in 
2 0 %  nital which was also directed at the window from a 
wash-bottle to improve the profile obtained* When the 
thickness of the section in the centre of the window had 
been reduced by about 0®5 mm in this way, the Fortolac was 
dissolved in acetone and the section inverted and mounted 
centrally over a window in a second stainless steel slip, 
again being framed with Fortolac* The slip was affixed 
to a glass slide with a frame of Fortolac to prevent further 
dissolution of the dished side of the section which was then 
thinned from its other side as above® When experience 
dictated that the thickness of the centre of the section's 
window was about #005" to #0 1 0 ", the slip was removed from 
the glass slide and the window's central thickness was d e ­
termined by the count rate it occasioned when it was placed
147between a 20 mO PHF Pr®-Ceramic source and a scalar, an 
available system which had been previously calibrated with 
cadmium strips of known thickness# Further thinning and 
repeated measurements were then continued in this manner u n ­
til the window's central thickness had been reduced to ®0 0 3 " •
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From pre-thinned sections *003” thick in their
centres foils for transmission electron microscopy were
prepared hy a procedure developed by Rudman (128) who has
found that electropolishing In a solution of 4 parts of
9 0 %  orthophosphoric acid in 5 parts of AnalaR water also
produces a satisfactory final polish on cadmium foils®
This solution has the advantage that it may be used at room
temperature and in it a pre-thinned section mounted on its
stainless steel slip was electropolished from both sides,
at an applied d.c® voltage of 2#7 V with a current density 
at the surface of the exposed cadmium of about 0®4 A/sq cm,
until a hole appeared in the centre of the section* This 
was then immediately washed in AnalaR water, dried in a 
cold air stream and on each side of the section the hole 
was covered by a small blob of Fortolac® The section was 
next soaked in a dish containing a 1 0 %  nital solution un­
til the disc defined by these blobs became separated from 
the remainder of the section which was then removed from 
the dish® The 1 0 %  nital was poured away and replaced by 
acetone, which removed the Fortolac blobs, and a microscope 
grid was slipped under the resulting perforated disc which 
was examined mounted between two grids in the electron mi­
croscope®
A3.4 Observations ou_Si_ngle Crystal Foils
When foils prepared from undeformed single crystals 
were examined in the Siemens Flmiskop I electron microscope
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it was soon verified that the use of a cold stage was imper­
ative if the amount of dislocation activity which took 
place in the electron beam was to be reduced to a level at 
which observations would be possible* As the Elmiskop I 
available was not equipped with a cold stage an electron 
microscope with this facility was sought and the use of a 
JEM electron microscope was secured* It was estimated 
that this m i c r o s c o p e ’s cold stage reduced the specimen 
temperature to at least - 1 2 0 °C at which it was found the 
dislocations in the present cadmium foils were quite sta­
tionary* As, in addition, it was found that contamination 
of the foil in the electron beam presented no problem, ob­
servations and the taking of micrographs of dislocations 
were then possible® Figs® A3®3 to A 3 ®8 show typical fea­
tures observed in the foils*
The most common feature observed was the long basal 
dislocation and Fig. A3.3 shows a high density region of 
such dislocations, Fig® A3®4 a low density region in which 
two meet to form a dipole which traps two further basal dis­
locations to become a quadrupole® Very few loops were 
found and Fig® A3®5 shows a rare region which did contain 
some of these features, Fig* A3*6 being the diffraction 
pattern of the central region of this micrograph* Kikuchi 
lines have been frequently observed in the background 
of diffraction patterns and Fig® A3®7 illustrates a typical 
arrangement and Fig® A 3 ® 8 shows the non-basal dislocations
exhibiting zig-zag contrast which were found in a foil 
which was known to have been taken from a region of crystal 
damaged by spark erosion m a chining•
Beyond citing these few illustrative examples of typ­
ical features observed in the electron microscope little 
can be said about dislocation arrangements in undeformed 
single crystals of cadmium® It would appear that long 
basal dislocations predominate but so few foils have been 
examined that it cannot be said at this stage that what has 
been observed is truly representative of that which exists 
in the bulk material® It may prove that the presence of 
non-basal dislocations is indeed a characteristic of spark 
damaged material but as yet it must be concluded that a 
comprehensive evaluation of the damage which the combina­
tion of sectioning and thinning introduces into the foils 
has yet to be m a d e B Certainly very few dislocation loops 
have been seen so far and the nucleation, growth or shrink­
age of such loops reported by many workers on cadmium plate­
lets, Section 1 ® 3 . 1 , have not been observed® Suffice it to 
say in conclusion that although it had been one of the ob­
jects of this thesis to present information from an electron 
microscopy study of deformed crystals and this object has 
not been achieved, and although only scanty information on 
undeformed crystals is presented, this does represent the 
first reported transmission electron microscopy study of 
cadmium in the form of bulk single crystals. It is hoped
— 298 —
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that the work presented in this thesis which has been dir­
ected at making such a study possible will prove sufficient 
to enable a study of deformed bulk crystals to be achieved 
in the near future*
Fig. A3.1 Electron micrograph of cold rolled
polycrystalline cadmium showing an array of 
dislocations in one of the sub-grains. xl 2 0 , 0 0 0
Fig. A3.2 Electron micrograph of cold rolled
polycrystalline cadmium showing stacking faults 
around a twin. x 3 5 , 0 0 0
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Fig. A3-3 Electron micrograph of a basal section 
of as-grown single crystal cadmium showing a high 
density region of basal dislocations. x50,000
Fig. A3-4 Electron micrograph of a basal section 
of as-grown single crystal cadmium showing trapped 
basal dislocations forming both a dipole and a 
quadrupole. x4 5 , 0 0 0
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Fig. A3«5 Electron micrograph of a basal section 
of as-grown single crystal cadmium showing a rare 
region containing dislocation loops. x 3 3 , 0 0 0
Fig. A3.6 Electron diffraction pattern of the
central region of the micrograph Fig. A3*5 above.
Fig. A3.7 Electron diffraction pattern of a basal 
section of as-grown single crystal cadmium which 
exhibits Kikuchi lines.
Fig. A 3 . 8  Electron micrograph of a basal section 
of as-grown single crystal cadmium showing non- 
basal dislocations in a region damaged by spark 
erosion machining. x?0 , 0 0 0
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